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PEEFACE 


In teaching Practical Physics at King's College, London, we have 
employed for several years manuscript books of instructions for 
experiments, each providing a short description of the apparatus 
required together with the necessary theory. But we have felt 
the need of permanent records easily available for large numbers 
of students, and it is hoped that this book, based on these labora- 
tory instructions, will prove of service not only to our own 
students but also to those of other teachers. 

The work is designed primarily to cover the Intermediate 
Pass Courses in Science, Engineering, and Medicine of the Uni- 
versity of London, but it is also suitable for Intermediate 
Honours candidates and for University Scholarships. Further, 
it meets the requirements of the Civil Service Commissioners in 
connection with Junior Appointments, the Post Office (Engineers), 
and the Army Entrance Examination. 

No student could be expected to cover in one year the whole 
of this course, and a selection of suitable experiments to meet 
the needs of particular students should be made by the teacher. 
The fact that Engineering Students in the University of London 
are required to take a practical course in Applied Mathematics 
explains the presence of a larger number of experiments in 
practical mechanics than is usual in a text-book of Practical 
Physics. 

For completeness, the scope of the book has been extended 
somewhat and a limited number of more advanced experiments 
has been included. For example, a description of the simpler 
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phenomena of Surface Tension^ and of the elementary methods 
by which it can be measured, has been incorporated though not 
usually studied in an Intermediate Course. In the part dealing 
with Electricity will be found a number of experiments suit- 
able for students who are commencing the study of Electrical 
Engineering. 

The volume in its present form covers the greater part of 
the work necessary for a Pass Degree in Science in most 
Universities. 

The letterpress has been divided so as to separate descrip- 
tions and theoretical discussions from those parts of the nature 
of laboratory instructions ; the latter are indicated l)y indenting 
the letterpress. Tlie teacher should select for each meeting, of 
the class experiments suital>le for the individual students, and it 
is a good plan for the student to be informed at tlie end of the 
day’s vrork what section ho should read in preparation for the 
next practical class. 

It is seldom that sufficic'iit ai)paratns is available for all 
students to be working at the same expeiiment simultaneously, 
and it is usually impossible to arrange that each individual 
student should follow tlie exact order liere given. 

The student must be warned against a prevalent idea that an 
experiment is completed when the manipulations or observations 
are finished. It must be made clear to him that tlie i csults must 
be calculated and considered with care, and a record of the experi- 
ment be written in his own words. 

Every experimental exercise should have for its object the 
elucidation of physical principles, and we have kept in view 
the theoretical aspect of the experiments throughout this work. 
Stress has been laid on the degree of accuracy obtainable in an 
experiment, and the student has been shown how to conduct 
the measurements so as to obtain the best results with the means 
at his disposal. 

Most of the experiments described are such as can be carried 
out with simple apparatus. Many instrument makers advertise 
for laboratory use apparatus more adapted for lecture purposea 
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Tho apparatus used in a laboratory course sbould.be such as will 
develop experimental artd manipulative skill. Hence, although 
measuring instruments of precision are essential, the use of 
elaborate apparatus, sometimes almost automatic in its action, is 
to be deprecated in a laboratory for students. 

An important educational aim, to bo kept in mind by the 
teacher of Physics, is the development of men and women 
capable of doing good work in adverse or unfamiliar circum- 
stances, and of carrying out original investigation and research. 
For this, facility in the handling of apparatus and co-ordination 
of hand, eye, and ear are essential. 

Several additional exercises, many of them selected from 
College examination papers, have been given at the end of each 
Part. 

^Tost of the diagrams have been drawn specially for this 
book, but we are indebted to ^Messrs. Macmillan & Co., Ltd., for 
a num})cr of illustrations, and gladly thank the Cambridge 
Scientific Instrument Company and Messrs. 11. "SV. Paul for 
several pictures of ap])aratus. 

]Mr. F. Castle has been good enough to grant permission foi 
the inclusion at the end of the volume of a number of mathe- 
matical tables selected from his Logarithmic and other Tables for 
SchooU, 

In conclusion, we desire to thank sincerely Sir Eichard 
Gregory and Mr. A. T. Simmons for the great assistance they 
have rendered by invaluable suggestions and advice while the 
book was pissing through the press. 

H. S. ALLEN. 

H. MOORE. 

Uniykusity of London 
King’s College. 

December 
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.CHAPTER ^ 


§ 1. General Instructions 

In the practical work of any branch of science, the results alined 
at may be divided into two kinds : qualitative and quantitative. 
In physics, the purely qualitative type of result is rarely desired, 
the experimental work, even in the elementary stages of the 
subject, being such as will give quantitative results with little 
more trouble than would bo required to obtoin mere qualitative 
knowledge. Por this reason almost every physical experiment 
involves the taking of one or more measurements, so that physics 
has been termed, somewhat contemptuously perhaps, ^ the science 
of accurate measurement.’ 

The fact that measuring is such an important part of the 
practical side of physics, sometimes leads to a student hurriedly 
taking certain measurements (possibly before he understands the 
reasons for doing so) without studying the apparatus he uses, and 
without taking mOre than one series of observations. Too much 
stress cannot be laid on the really practical side of physics, as dis- 
tinct from the mere taking of readings. To obtain full benefit 
from a course of practical physics, not only should the purpose 
of an experiment be understood thoroughly, but also some time 
must be spent in setting up the apparatus and studying carefully 
the construction and working of the component parts, before a 
single observation is taken. 

The purpose of a course of practical physics is not fulfilled 
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completely unless the student acquires dexterity in the manipula- 
tion of apparatus and a considerable sympathy with the instru- 
ments he uses. 

Having realised the aim of an experiment and the general 
method to be adopted in carrying it out, the nccessaiy apparatus 
must be assembled and arranged for use. It is of great import- 
ance that all observations and readings should be obtainable 
without necessitating awkward bodily positions ; also any part 
of the apparatus requiring frequent manipulation or adjustment 
should be placed within easy reach. Careful attention to these 
points will react indirectly on the accuracy of the experiment, as 
greater care wdll be taken in making observations and adjust- 
ments if these can be done in comfort and with case ; there will 
also be less likelihood of accidentally deranging the apparatus. 

It is frequently convenient to go rapidly through an experi- 
ment to see that all is in order, before proceeding to carry out 
any accurate observations. 

§ 2. Eecording Results — Xote-Rooks 

For a course of practical physics two note-books should be 
used. One of these is reserved for the ‘fair' record; it should 
be a large note-book (quarto size is suitable) with alternate 
pages ruled in millimetre squares. The other is a smaller 
note-book for recording observations, ancl for calculations ; in 
this should be entered also a description of any noteworthy 
phenomena observed during an experiment, brief notes being 
taken in the laboratory to be amplified later in the fair record. 
The taking of these rough notes is quite as important as any 
other part of the work done, especially if there is any delay in 
writing up the final account; points which are of considerable 
importance may be forgotten if no record is made of them at 
the time they are observed. Rough notes on loose sheets of 
paper are mislaid easily, and for his own sake the student 
should avoid taking notes in this manner. 

In taking observations and readings, every measurement made 
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should he recorded in the rough note-hooh immediately^ and checked 
after it has been mitten down. Each number should have written 
against it what* it represents, and in all cases where a series 
of sets of observations is made, the observations should be 
arranged in tabular form. All calculations reguired for working 
out the result must be done in the rough note-book^ and must be shown 
clearly. 

In the large note-book a full record of each experiment should 
be given, and this should be in the student’s own words. The 
record should be made according to a dehnite scheme such as 
that given below. 

1. A description of the apparatus used, with diagrammatic 
illustrations drawn on the squared paper, and lettered for 
reference. 

2. A short account of the theory of the experiment. 

3. A detailed account of the operations carried out, and of 
the observations taken. Kach reading or observation must be 
entered j and where series of observations are made, these should 
be tabulated. 

4. The result obtained from the experiment should be entered, 
but not the arithmetical toorking. In general, it is convenient 
to enter the result as a compound fraction, follow^cd by the 
calculated value expressed as a wdiole number or as a decimal 
fraction. 

The result should be entered prominently^ preferably occupying . 
the last line of the record. The units in which the result is 
expressed must be stated. 

Wherever possible, the results should be expressed graphic- 
ally ; each graph should occupy one complete page, and the 
names of the quantities plotted, with the units in which they 
are represented, must be given. 

When a graphic construction forms part of an experiment, 
the original drawing (or a copy drawn to scale) should be 
inserted in the note-book. 
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8 3. ACCTRACY of OBSKRVATIONS<^NUUi MfcTltODS AND 
l)KFLK(mON METIIOUK ^ 

In genemi, readings should bo tolcen to the highest degree 
oi aecuracy obtainable with the apparatus provided. To test 
(he degree of accuracy obtainable the adjustinent should be 
repeated, and the reading taken again with the greatest possible 
eare ; any discrepancy between the two readings is attributable 
to errors inherent in the apparatui^ inrovided snfficient care has 
been taken in adjustment and reading. 

It is good practice lor a- student to determine in this way 
the degree of accuracy obtainable in various types of measure- 
ment during the earlier stages of a practical physics course. 
This experience will'^cnable him later to estimate the propor- 
tj^nal accuracy of most types of observations, without making 
an actual determination; though whenever a completely new 
kind of measurement has to be made, the proportional accuracy 
should be determined once or twice in this way. 

It is worthy of note that, in general, observations which 
depend on the ixilancing of two eflects so as to neutralise each 
other are more accurate than oltservations depending on measure* 
ment of the magnitude of an effect In other words, null 
methods are, in general, more accurate than deflection 
methods. 

When using a null method in any experiment, we balance the 
effect of an unknown quantity against the effect of a known or 
standard quantity of the same type. The resulting effect is 
observed on an instrument which has to detect only the slight 
difference between the two effects. If wo measured the effect 
of either quantity directly, we should require to use an instru- 
ment which gives only a moderate deflection when subjected to 
the whole effect, ue. an instrument of relatively low sensitiveness. 
As a result of this low sensitivity, a small, unavoidable error in 
reading the deflection would have an appreciable effect on the 
result. If a null method were employed, a much more senji- 
tive instrument could be used— an instrument of the hishest 
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seuBilivcness poBsiblo. The poBBible erfor in adjusting the 
effects to reduce the imdiiig to zero would probably be the 
sanu* amount ihe scale of the insiniment as w^as the error of 
reading in the deflection experiment; it would, how'ever, indicate 
a very much smaller error in the quantity under measurement 

An excellent example of this principle is afforded by the 
measurement of mass. A spring balance measures the mass by 
a deflection methodi the quantity observed being the extension 
of the spring due to thf weight of the body. An ordinary 
balance is an apparatus which depends on a null adjustment, 
and gives much greater accuracy than can possibly be obtained, 
by a spring balance designed to weigh up to the same limit 

It is important to know that, in general, observations which 
depend on weighing are much more accurate than determinations 
of either length or time. AVherever possible, experiments should 
be designed in such a way that the most important observatioifll 
are made by me«‘ins of a balance. As an example of this, the 
student is referred to the cx[)criment on the expansion of 
liquids by means of a weight thermometer. This experiment 
is so aiTanged that the cooflicient of increase of volume is deter- 
mined without a single determination of volume being made^ 
every observation from which the result is calculated being a 
‘ weighing.* 

With the exception of the determination of length by optical 
methods, which requires elaborate apparatus, no other physical 
determination can be made so accurately as the determination of 
mass or the comparison of masses, owning to the great sensitive- 
ness which is obtainable with a well-designed balance. The only 
other simple physical measurement wdiich approaches this in 
accuracy is the determination of electrical resistance by means 
of a Wheatstone’s Bridge, again a ntill experiment. 

§ 4. Calculation of Results 

Since there is a limit to the accuracy obtainable in the 
determination of any physical quantity, it is obvious that there 
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must also l»o a limit to the accuracy of any lesult calculaUHl 
fi’Oiu such (leteriiiiuatu)iis. In calculating n Milts, t lioroftue,, 
it is imiiccossary to work to a greater iiumbi i* of significant 
figures than tlio ohsorvatitms merit; the final result can only 
be trusted to a certain number of places, and any figures beyond 
this number are meaningless. 

Much labour will be siivcd in arithmetical culoulations if, 
at each sUtgo in the calculation, the number of significant figures 
in the result of that stage is suitably cut down l)efor6 proceeding 
to the next part of the calculation. For example, consider 
the determination of the volume of a cylinder 2*37 cm. 
long, and 1*13 cm. in diameter. Its volume is given by 

^x(M3)-x 2 ;{7t c. 

4 

Neither of the moasiucd quantities is more accurate than 
1 in 1000, ami there is tlu?reforo no need to retain more than 
four figures after any arithmetical jirocess ; and t may be taken 
as 3*142, or even as 314. 

i< ]-27<)0, and may be tak«m as 1-277. 

1- 277 >: 2 37 i> 3-02tUl», and may be taktm as 3-02fi. 

3-020 ^ 3 02b gives as the product 

2- 500101, and the final result is wi itttoi tlown as 2-r)b c.c. 

Contracted methods of multiplication arc of g/eat value in 
simplifying the arithinclical work. 

It has become customary to give results only to such a 
number of figures as can be claimed to be accurate. If there- 
fore a result is stated t^) five figures, it is at once assumed 
that accuracy to five figures is claimed. To write down five 
figures in a result ^vhich is only accurate to 1 in 1000 is thus 
not only unnecessary but actually misleading, as giving an 
en'oneous idea of the accuracy of the observations on which it 
is based. 

If it should happen that the last significant figure is a cipher, 
this is included in the result even if it is after the decimal place, 
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its inclusion indicating that accuracy is claimed to that number 
of si.i'iiilicant figures, c.y. 1 in. = 2-5400 cm. indicates that this is 
true to 1 part in 25,000. 

In many eases where the numbers dealt with arc very large, 
jiowcrs of 10 arc put after a small number instead of writing 
a largo nuinber of ciphers after it. As an example of this 
method of stating the magnitudes of quantities, 28,000,000 
may be written as 2*8 x 10^ if accuracy of 3 or 4 per cent 
only is claimed, but 2*80 x 10^, 28*0 x 10^ or 280 x 10® if the 
accuracy is 1 in 300. Similarly negative powers of 10 are used 
for extremely minute quantities instead of writing a number of 
ciphers after the decimal point. Thus, 0 00003500, indicating 
accuracy of 1 in 3000, couhl l>c written as 3500 x 10“®, but to 
write it as 3-5 x 10“® would be incorrect, as claiming an accuracy 
of 3 jKsr cent only instead of 1 in 3000, the accuracy meriteA by 
the observations. 

In calculations made by logarithms the order of the 
approximations made dcjaunls <»n the numlnT of figures in the 
tables of logarithms used. Four-tigurc Ktgariihms give an 
accuracy of about I in 2500 in a calciilati*m involving four or 
five nunilaTs, the jw^ssiblr em»r ijicrcjising with the number 
of factors to b«- multiplied together or divided. Five -figure 

logarithms are about tt-n limes as accurate as this, while with 
a slide-rule (10 inch), if more than four factors are multiplied 
or divided, greater accuracy than 1 in 500 is not obtainable 
except with much care. 

In most cases, before performing the accurate calculations, 
approximate calculations should be made in order to deter- 
mine tlie (yrder of magnitude of the result (or the position of the 
decimal point) ; this precaution is of speciai imjH/rtance when a slide- 
rule is vsed^ especially in int‘xpcricnced hands. 

An example of this may be given, using the dimensions of 
the cylinder on p. 8. 

V = "’(M3)®x 2-37. 

4 

Roughly this may be written down as 
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V=1 X 10x1.2x2.6, 

= 3, 

the Tolume is of the order of 3 c.c. 

The slide-rule gives the number 266 as 4he result) and this 
oaa be vritten at once as 2.66 c.c., the position of the deoimal 
point being determined hy the result of the rough approximati<m 
just given. 

In calculating the results of an experiment vhere a certain, 
quantity is to be detennined from measurements of a number 
of independent quantities, it is iu4 advisable, as a rule, to 
express that quantity explicitly in terms of the various measured 
quantities. This procedure generally results in a long and 
complicated expression, vrbich is difficult to work out and liable 
to occasion arithmetical errors. More important than this, 
however, is the definite loss of meaning the various qiuntities 
suffer when grouped together in a complex expression. The 
physical significance of each step of the calculation should be 
kept in view as far as possible. 

As^ {larticular example' of this, consider the expression on 
p. 147. The equation mgh = Jl«a® + indicates three definite 
physical quantities, and if retained in this simple form it 
conveys a meaning at once, and can ]>e written down from first 
principles immediately. ' To express ' I ' explicitly would lie to 
destroy the meaning of the equation to a very grc.at extent. 

The use of 'formulae,’ which often put a meaningless burden 
on the memory, should be avoided ; and, wherever possible, an 
endeavour should be made to work out the solution of a problem 
by reasoning from first principles. 

§ 5. Graphic Methods 

The use o! graphic methods is of great value both in 
theoretical and experimental physics. Whenever the observa- 
tions taken in ati experiment form series relating to tWO intdJO 
dependent quantities, a graph should be drawn to illustrate 
the connection between them. The graph siiows the way in 



cw. I INTBODUdORY U 

which the dependent variable (y) depends on the independent 
variable (x). It is customary to plot the values of the inde- 
()end<*nt variable as the abscissae horizontally from left to rights 
and the values of •the depejident variable as the ordinates 
upwards^ when the pa{)er is held in a vertical plane. 

As a typical example may be cited the experiment on the 
simple pendulum. In this, the period f of a pendulum of length 
I is measured, I being varied arbitrarily, and the eorrespon^iing ^ 
values of t being determined. Here I is the indepipndent 
variable and should be plotted horizontally, i being plotted on 
a scale running from the bottom of the page to the top. 

The units in which the variable is expremd, and tlm 
designation of the variable, must be marked eleaily skMig I)ms 
corresponding coK>rdinate axia Great care must be laken iSt 
choosing the scale to which each variable is plotted, so that iInI 
resulting graph may cover as large a fx^rtjon of the sheet as 
iwssiblo.^ 

The ])oiiit8 indicating the olmervations ehould l>c shown by 
dots with small circles drawn round them, or by small emsses. 

A smooth curve should then be dran n to represent the a\ crage 
distribution of the points, i>. the curve should ])ass as evenly 
as possible between the points so that there are about as many 
on one side of the lino as there are on the other. A test should 
first bo made to see whether the gra 2 )h can be represented by a 
straight line. A line ruled on a long strip of glass or celluloid is 
useful for testing this, as it is jiossible to sec the points on hoth 
sides of the lino. If a straight line cannot be drawn through 
the points, a curve should be drawn, either freehand or by means 
of a thin flexible strip of wood bent to fit the curve. 

If the resulting graph is a straight line the relation between 
the variables is of the form y = ma; + r, where m and c are con- 
stants. If the graph is not a straight line the form of the curve 
may suggest the relation between the variables, familiarity with 
curves corresponding with equations such as 

^ It is assumed here that a sheet euch as ii found in the student's note* book 
is employed. On a large sheet, too large a scale would tend to exaggerate 
accidi^tal errors of observation. 
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y = y ^ /-J y- - r\ // .r"’, aiul f/ - lo'i /, 

will gnule the stiulont as to the /ypt' of curve most likely to lit 
the observations plotted. Then by plotting poiv> rs of uim‘ of the 
quantities against the other, a straight linli may result. Or a 
straight line may be obtained by plotting the logarithm of one 
quantity against the other quantity, or against th<' h»garithm of 
the other quantity.' When a straight line graph has been 
obtained, the connection between the two physical quantities con 
corned can he expressetl by niciins of an algobmic etjuation. 

KesuUs can often be obtained by means of graphic mcthotls 
with much less labour than arithmetical anlculations would entail. 
Reference should be made to the insUinccs considered in the 
text pp. 83-89, 238, 241, 276). 

S 6. Units employkd in Piiysk'al MKAsruKMENT 

The measurement of any quantity is expres5C(l in a plira.*<c 
of two jxirta — the number and the unit. Thus ‘ 12 seconds^ 
contaiu-s the number 12, and tiie unit of time, the second. Each 
of the various quantities dealt with in phy.sical measuremenls 
requires a unit, h i.s, ln>wcver, po5sil»lc to c.\pivs.s some (piantiiies 
in terms of other quantities ; we can, for example, express s|>eetl 
in terms of tin* distafice travelled in a certain time, and it i.s 
obviously advantageous to mea.surc .speed in unit.s which bear a 
sitnjde relation to the units of length ami time. All the phy.sical 
quantities that arc nuit witli in mechanics may be expressed in 
terms of threp tjuantities. The three independent units 

for these quantities are said to lie the fundamental units of the 
system of units, the other units of the system I>eing called 
derived units. 

In scientific work the fundamental quantities chosen are 
length, mass, and time. The units employed for these quantities 
are the centimetre, the gram, and the second, so that the 
system is knowr^as the G.O.S. system of units. 

The centimetre is one-hundredth part of the metre, which is 
^ See Expt. 43. — Friction of rope over a iixetl pulley (p. 95). 
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aH the distance hctweeti the ends of a certain rod of 
platinum preserved in Paris. 

Tlic gram is orie>thousandth part of the kilogram, which is 
the mass of a certain cylinder of platinum preserve<l in Paris, 
'rhe kilogram was intended to have the same mass as one cubic 
deciinetro (1000 CjC., or 1 litre) of distilled water at the 
temperature of its maximum density. Consequently the mass of 
1 c,c. of water at 4® C. is almost exactly 1 gram. 

The second is the mean solar second, defined as 1/86400 of 
the meiiti solar day, which is determined by the time of rotation 
of the earth on its axis. 



CHAPTER II 


MEASUREMENT OP FUNDAMENTAL QUANTITIES 

S 1. Mkasurkmknt of Mash 

THE BALANCE 

Thb meastiromcnfed^ina^ by means of an ordinary balance 
consists ill balan3b|P two {ot*ces against each other so that 
their turning moments on a lever arc e<[ual untl opiiosite. 
When this is achievedi the forces themselvesi if parallel to 
each otheri are inversely propdrtional to the distances of their 
{Kiints of application from the fulcrum of the lever. The 
forces which act on the beam of a balance are the weights 
of the masses suspended from the beam, and thus the ratio 
of the tctights of these masses is determined. As, however, 
the weight of a Inxly is profiortioiial to its mass, the ratio of the 
imsses is the same as Uie ratio of the in itjliL*^ t.e. the ratio Of 
the masses suspended from the beam of a balance when In 
equilibrium, is the reciprocal of the ratio of the ‘ arms ’ fFom 
which they are suspended. 

In an ordinary balance, the beam is a stiff rod sometimes of 
girder construction, which is 8up]K)rted at some 2 >oint on knife- 
edges resting on flat ^dates at the top of the pillar of the balance; 
At the two ends of the lioain are mounted knife-edges from which 
the scale-pans are suh|)ended ; the two parts of the beam arc called 
the arms of t^ balance. Knife-edges must be used for the 
fulcrum and for mo jxiints of suspension of the scalc-ijans in order 
that the arms of the balance shall bo of a definite length. As the 
ratio of theSe two is the reciprocal of the ratio of the masses on the 
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scalo-pans when balan^ it is obyions that this latio must be 
accunitely known, hence the anns themselves must have exactly 
defiriiNl lengths. |n general this ratio is one of eq^lity, but 
xx^casionally a ratio of 10 to 1 is used. 

Tlic knife-edges have to sup|)ort a considerable weight, and hence 
must 1)0 tiu^c of very ^rd iiiaterial, so that they will not be 
defoi ine<l when the mlaiice is k)adccL Hardened steel is used for 
the knifcHNiges of balances of moderate accuracy, but agate is used 
fur the more delicate lialances for scientific work. In order to 
reduce w^r of the knife-edges, a4<^ver is generally fitted whereby 
the beam can bo raised from the knife-odge supports^ when the 



Fio, 1.— SeuRllWe UaUuco. 


balance is not in use, and allowed to rest on a brass bar siipj)orfed 
in a fork of bniss. This same lover raises the s<»iJe-]mns, so that their 
weight does not rest on the knife-edges at the ends of the beam. 
The arrangement is called the Arrestment of the l>alance. 

In oixier to avoid chipping or otherwise deforming the knife* 
edges, it 'is essential that the beam should be raised or lowered so 
as to rest in the brass fork, before moving the biilance, or altering 
the weights on the scale-|»ans. The beam must be raised and 
lowered ytntly for the same reason. . 

For most purposes the arms of an ordinary balance may be 
assumed to be exactly equal, and thercfoi-e the mass of the^ body 
being ‘ weighed ^ may be taken as equal to the mass of the ‘ weights * 
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which are required to balanco it. Kven if the arms arc ttoi exactly 
ei]ual, this need not affect the accuracy of most cxj" rimcnts in the 
slightest, providcii that the ‘weights’ are ahvijiys u «'d on one jmn 
and the unknown mass on the other. If tliis is done, lh<‘ ‘ weigiits ’ 
used, though not equal to the unknown masses, will Ix^ar a constant 
ratio to these, and since in mast ex|)erimeuts tlie mfio of the various 
liiaj 9 ses%sed is requiretl, the actual nsult ^ill t»e unaffected. 

A good rule is to place the weights always in the right-hand 
pan, and the unknown mass in the left« 

III using h balance for com{umj)g masses, it is essential that the 
beam and scale>t>ans should be lialaiict^l accuin^tely wheirunlaided. * 
Then, when the masses have U'cn *ailjustcd till the beam is iu 
equilibrium again, the masses in the t\vo Scale-pans can be taken 
as ecfuaL The beam will rest horizontally or osidilate aliout a 
horizont.il i»08itiuti when in etpiilibrium. In order that this may 
be tested, the beam is furnisheil with a long iu»inter rigidly fixed to 
it, the end of the ix)inter moving over a small scale fittiHl t«> the 
pillar supiK>rting the Itearn. When the U^dm is horizouUiI, the end 
of this iK>iuter oscillates alnnit the middle of tla» small scale, and 
thus a sensitive uietluKl of testing the hori/onlalily of tbe beam is 
provided. Before loiiding the hilauce. the balance case must Ih‘ 
levelJed by means of the levelling screws, so that the Uise may lie 
horizontal as tesUsl liy the plninb lim/ or spirit-level attiu hed to the 
apiRiratus. The l>eai!i shouhl then Ik‘ relr‘a.-ed so as to n»st on the 
knife-edges, an<l the luntiim^of the end of the pointer be observ»*d. 
ll'iUHlIv these os< ‘illation" will iH»t l«M‘\actly alnnu the middle of the 
scale, Imt providetl tin* mean position i> not far from tin* centre, the 
Udanee can be iiM.d without further adjustment, f/fr //f /’//// 

tiiljuAft'tl itotJ the pot h ter (utto/ftift'K the ptmifitnt 

tu tt'heji the fittiin irtfs anbititied. This is called working to a false 
zero. 

If the* pointer lias a mean j»osition several divi^ion.s from the 
centre wlien tlie l^alanee is nnlc»aded, it is advisable lo eorrect 
this before commencing to weigh. TJiis can Ik; done usually by 
moving a small nut along a screw fitted to one end f»f the l)cam, or 
by altering the position of a ‘flag’ mounted on the la'ain, Thi.^ 
s/ifjuhl not ht tittenipted unfit thp- Hfudent has fweomc famUlar with 
the handliwf of fjtilanres^ am! care must ha ami la doiaf/ ity no ns to 
avoid damn tiiinj any pnri of the ladanre^ pnrHridarl y the hn’fe-edycs. 

Having seen that the balance wlien unloaded oscillates about 
the zero iK>sition, or having determined the false zero if tliis is not 
the case, the beam sliould be lowered and the unknown mass placed 
gently on the left scale-pan. Weights from the Ijox of weights 
should then be placed on the right-hand pan, commeneing with the 
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larg« r weiglitfl and proceeding downwards. The learn nhmld be 
lowi-redU before imvehiruj the eeale-pan either to add or remove 
\veitjir6u This rule^nust be observ^ even for the nmalleet weights. 
In testing for balance at first, it is unnecessary to raise the beam 
completely, the ^ant^of balance being obvious as soon as the beam 
begins to risa . Thu beasa need not be raised to the fuU|feite|it 
uni^ the centigram weights are being uktd. 

In some cases wei|;hts smaller than 1 centigram are not 
supplied, and a * rider ’ is used for getting the weight t<^ milligrams 
or less^ rider is a wire belt so as to ‘ride’ on the top of 
the^balance beam,«ti|m mass of the wire being usually 1 ceQt^^am. 
The t>eam is divided into parts equal to one-tenth of the length 
of the arm^ and the position of the rider is noted when adjusted 
till it gives the^extict balance required. Obviously, a centigram 
rider at a xx>int one-tenth of the distance along the arm is equiv^eni 
to 1 milligram in the scale-iian at the end, and so on. Thus with 
a centigram rider the weight of a body can be determined to within 
1 milligrain or leas, providkl the ann of the balance is subdivided 
in this yray and the bal^incc is sufficientiy sensitive to detect a 
difference of this order. 

* 

A box of weights requires as much care as the balance with 
which the weights are used. Any corrosion or oxidation will 
alter the mass of a * weight'; great care should be taken 
therefore to keep the >veights from contact with acids, mercury, 
or water. It is obviously absurd to ^veigh to 1 milligram if one 
ot the larger >veights is wrong through corrosion to an amount 
greater thafi this. All weights of any accurate box should be 
lifted with the forceps provided in the box, this rule being 
applicable to the largest w^eights as well as to the smaller. Care 
should be Uiken not to bend the smaller weights ; they should 
be held by the corner or side bent up fot this purjxwo. To 
facilitate handling the smaller weights, they can be put on the 
top of the larger weights when on the scale-pan. 

The weights used in any experiment should as far as possible 
all come from one box. • If two boxes must be used, the weights 
should bo returned to Uieir respective boxes. 

In reckoning up the weights, having ‘ weighed ' a l)odj^, the 
weights should be counted w'failst on the, scale-pan and the total 
recorded in the note-book. They * should .be removed one at a 
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timei the total being checked as they are returned to their 
places in the box; in this way any error w^ll be obserred and 
corrected. Failure to observe this precaution may fM^nenUy 
cause a weighing to have to be repeated, or may render i whole 
experiment useless. 

The weight of a body cannot bo determined accurately when 
there is an appreciable difference between tbe temperature of 
the boily and that of the rc^i, on account of tlio convection 
currents set up in the air. If the body is colder than the 
atmosphere, moisture may condense upon it and make the 
observed weight too large. 

Xo corrosive liquid sljould Iwj allowed inside the balance case 
except ill a securely stopjiereil vessel, and all vessels containing 
liquid should be wii>ed clean on the outside before I>6iiig put 
on the scale-pan. 

Exi'x. 1. Determination of the Mass of a Body by 
Means of the Balance. — ^Levd the lialance case by means of 
tlie levelling screws. Turn the handle of the arrest nient so as 
to release the l>eain, and see that tJje lH»ani rests without 
constraint on the knife-edges. If the beam does not iK'giii to 
sw’ing, stiirt a gentle current of air by a rapifl movement of the 
hand above one of the pans. Observe the mean position of the 
pointer on the* scale as the lieam swdngs from side to side. 
Use the arrestment to stop the swinging of the balance wlien 
* the pointer is near the mean position. Place the unknown 
mass on the left-hand jian, and place in the middle of the 
right-hand pan a w^^ight estimated to be large enough to 
counterbalance th(; load on the left. Kelciisc the beam and 
note whether the weight is' too large or too small. Continue 
the process of weighing, passing from the larger to the smaller 
weights in regular order. Kemember always to arrest the 
motion of the balance before adding or removing weights. 
When the pointer swings about the same mean position as at 
first, stop the motion by means of the arrestment, count the 
weights as they lie on the scale-pan, and record the result. 
Count the weighfs again as they are removed one at a time to 
their places in the box. Determine in this way the masses of 
two bodies A and B. Check the result by determining the 
mass. of the two bodies together and seeing that this is the 
sum of the two separate masses. 
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S *2. MEASrRBMEHt OF LSMOTH 

The measurement of length is possibly the simplest exercise ^ 
required of a student of physics, and the use of scales of length, 
is familiar to every one before commencing any precise sdenliftc 
work at all. The accuracy required in various kinds of length 
measurement is, however, widely different^ and we must con- 
sider the methods of obtaining these various degrees of accuracy 
in typical cases. . 

It should be noted here that in all measurements of length 
two observations must be made, one at each end of the length 
measured, and that therefore the possible error in the value of 
the length obtained is double the error of each observation. 


The accuracy of observations made with an ordinary scale is 
limited, because the dividing lines have a finite thickness, and 
because the eye cannot estimate fractions* of divisions to nearer than 
0*1 mm. In any estimation of length tiiwIg >^ith an ordinary scale, 
therefore, the accuracy is not greater than about 0* 2 mm. If accuracy 
of a higkT order than this 
is demanded, it is essential 
that ap[)aratus should be 
used to assist t£e eye, and 
also that the divisions on 
the scale should be marked 
with fine regular lines. The 
error in using an ordinary 
scale may be even greater 
than 0*2 mm. if the scale is 
used ‘flat,' for an ajipreci- 
able parallax error ^ is then jxissible owing to the thickness of 
the scale (Fig. 2). 

The gradmted edge of the scale must always be placed in contact 

with the points 'whose distance 
a|>art is to be measured, the 
scale being stood on its side 
if necessary, as w^ould, for 
example, be the case when 
measuring the distance Jbe- 
fween two marks on a sheet 
of paper (Fig. 3). 



rio. 2.— Error doe to Parallax. 



Fio. 8.— Correct Method of uaing Scale. 


‘ ParaUax means an apparent change in the position of an object due to a 
chttugo m the position of the observer (p. 229). 
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When it is not ]»ossil»le to lueasure tlic size of an ohjoot l>y 
direct api>lication of a nile, a juiir of dividers, or i/tside or outside 
callipers, may be employeiL In some cases a bvam coin]>ass is 
useful j this is a rigid bar }^rovided with two sliding pieces to which 
are fixed, at right angles to the bar, the points of the compass. 

PRINCIPLE OF THE VERNIER 

A very ingenious device for obtaining accuracy of a greater order 
than that obtainable by eye-estimation was invented by P. Vernier 
(1580-1637), and is known by his name. In this device a small 
auxiliary scale is prrwided, which si hies along the ordinary scab*, 
the divisions of this vernier scale Injing either a little longer or 
a little shorter than the divisions of the ordinary scale. 

The great value of this device lies in its simplicity, and in the 
fact that it can be used to measure to any fraction of a div-.^ion 
required, if the auxiliary scale is tUvided suitably. 

The form most generally used is that in which the vernier 
divisions are slightly shorter than true scale divisions, and therefore 
this tyi»e only will be described, though the principle underlying 
both forms is the same. 

The auxiliary scale is graduate^J from a division which may be 
Cidled the zero of the vernier, this division being indicated by an 
arrow or some ,other distinguishing mark. The scale consists of 
n equal divisions on one side of the vernier zero, and in some cases 
it is continued one or two divisions on the other side of the zero. 
These 71 vernier divisions are exactly c<pial tt) 7i—\ scale divisions. 

Consequently one vernier division is equal to or 1 - of a 

hcale division. Thus, each vernier division is shorter than a 
scale division by I Jn of a, scale division. This quantity 1 Jii of 
a scale division is called the Least Count of the vernier ; as we shall 
see, the vernier can be used to measure to the ?it]i part of a saile 
division. 

Suppose the vernier scale is moved along the main scale till the 
zero of the vernier is exactly opposite one of the divisions of the 
main scale, then the distance l^twcen the zero of the main scale 
and the zero of the vernier (which is the distance w'e "want to find) is 
an exact number of scale divisions. The other vernier divisions 
will not exactly correspond with scidc divisions, being resixictively 
IJn, 2/n, 3/w, etc. of a scide division on the zero side of the consecu- 
tive scale divisions. Now suppose the vernier is moved a litth. 
further along the main scale until the zero of the vernier has moved 
through l/7t of a scale division. It is clear that the first division of 
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tlio vernier will have moved till it is exactly in line with a certain 
division on tlie main scale. If tlie vernier is ii^in moved so that 
the zero passes over 1/a of a scale division the second division of the 
vernier will l)e exactly in line with a dinsion on the main scale. 
If the total movement of the zero of the vernier is 3/W yf a scale 
division, the third division of the vernier is brought O])]iosite a 
division on the main scale, and so on. In general, if the 
ini\i division of the vernier comes into line with one of the divisions 
of the main scale, it indicates that the zero of the vernier has moved 
thrf)Ugh vijn of a scale division from the division immediately 
before it. 

In using a vernier scale, therefore, the least count must first 
be determined. The reading is then taken according to the 
following Rule : Read the scale division next befpre the zero 
of the vernier scale; find the number of the vernier 
division which is in line with a scale division, and add this 
number of nths of a scale division to the ipale reading:. — 
The result gives the distance from the zero of the main scale 
to the zero of the vernier sciile. 


Consider the two following examines of the way in which a 
vernier should lie examined and used ; 

(1) A vernier scale lias 10 divisions, the ordinary scale being a 
scale of millimetres, and the 10 vernier divisions are equal in 
length to 9 millimetres. The vernier is placed with its zero 
Ix'twecn the divisions 2G and 27 mm. on the ordinary scale, and 
the 7th division ahmg the vernier is exactly in line w’ith a division, 
along the mm. scale. TIu‘ reading is recpiired. 

The vernier reads to decimals of 1 mm., or the least count is 


Vernier 

Scale 


10 


mm 

Scale 


2 5 


3cm 3-5 

Fuj. 4. — VennVr {>cbio. 


0*1 inm., Ix'cause 10 vernier divisions are equal to 9 scale divisions, 
and the scale divisions are millimetri's. 
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r TIio reading of the scale division next he/ore the vernier zero is 
‘26 nun. The Ttii vernier division is in lino with a sctilo division 
(and the vernier reads to lOths of scale divisions). Therefore the 
reading ie 26«7 mini 

The scale division icAtVA is in line icith the 7th vernier dirision 
has nothing at alt to do tcith the reading, 

(2) A circular scale is divided into angles of I", and cac*h 
degree is divided into three equal })arts, so that the .scale may l>o 
atiui to consist of large divisions of 1“ each, and small divisions 
each equal to y. 

A vernier scale of 20 divisions moves over tiiis, the 20 vernier 
divisions being e<|ual to 19 »mall scale divi.sions. The 7 Xto of the 
vernier is between the large divisions marked 8'" ami P"*, and is in 
the last section of this large division. The coincidence between a 
vernier division and a scale division occurs at the 4th vernier 
division, and the angle reading is required. 



The vernier reads to twentieths of the small scale divisions. 
The reading must therefore be made to the small scale division 
next before the zero of the vernier: in the example given this is 

The vernier reading is 4, i,e. we must add to the scale reading 
an amount equal to ^ small scale division. 

The reading thus will be 81® + of y. But J " is equal to 20', 
and therefore we can write the scale reading as 8® 40' and the 
vernier reading as 4', so that the full reading is 8® 44'. 

Thus the vernier and scale can be used to measure to one minute 
of arc, the scale being graduated to 20' divisions, and the vernier 
reading to -g^th of these small divisions, i,e. to 1'. 

The method of reading anytyjie of vernier can . bo worked out 
in a similar way. 

An instrument called the Vernier Pallipers is used for measur- 
ing the linear dimensions of bodies. It consists of a metal rule 
famished with two jaws, A and projecting at right angles to 
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tlio rule. Of these, one is fixed, whilst the other can slide backwards 
and forwanls. On the rule is engraved a scale divided into milU^ 
metres. The sliding jaw is also provided with a short scale V called 
a vernier. 

Expt. 2. Measurement of the Length of a Eod hy 
Means of the Vernier Callipers. ->11 the instrument is 
}i(ljustc*d corrtM'Uj', the zero of the* vernier will coincide with 
the zero of the milliiiH^tre wralo, when the sliding jaw is hroiiglit 
into contact nrith the i\xi^\ one. If this is not the cajse, the 
instrument possesses a ‘ zt^ro error/ wJiicIi rijii>t Ijc read and 
allowed for in making lucahurciiieuts. Determine the least 
count <»f the vernier. 

To measiiro tin* length of an object, it is placed between the 
fixed and sliding jaws, and the latter is adjusted till it makes 


V 



contact with one end of the object "when the other is in contact 
uith the fixed jaw. In dealing witli biiidll bodies it is con- 
venient to adjust the presKSure till it is just sufticient to hold 
the object betueon the jaws. The reading on the millimetre 
scale, which is ju^t Wfore the zero of the vernier, is then taken. 

This reading is the distance betw’een the zero of the vernier 
and the zero of the millimetre scale, and since these should 
coincide when the jaw’s arc closed, it should be the distance 
between the jaws, ?.<*. the lengtl of the object. 

In general, the zero of the vernier is not exactly opposite 
a division on the rule, and it is necessary to determine the 
value of the fraction of a millimetre. This is done by means 
of tlie vernier scale. Look along the ^e^nie^ scale until a 
graduation is seen which is exactly in line with one of the 
marks on the millimetre scale. If the corres])ondence is at 
the third graduation of the vernier scale, and the least count 
is 0-1 mill., the fraction teiiuired is 0-3, mm. ; if it is at the 
fourth gradation the fractiou is 0*4 mm., and so on. The 
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reason for this 1ms alromly Ihhmi iliseussiMl (|>. 20) : the actual 
ilistauce requiivtl is obtained by taking the seale reading next 
before the ztn-o of the vernier and adding to this the vernier 
reading as above described. 

Measure carefully the lengths of twi) rods of glass or metal 
cut from a long uniform rod. Find the ratio of these two 
Icngtlis. Weigh the two rods on a balance, and find the ratio 
of the two weights. Assuming the original rod to be uniform, 
these ratios will be the same. 

PRINCIPLE OF THE MICROMETER SCREW 

Another form of apparatus uhich enables determinations of 
length to be made with considerable accuracy is an accurately 
cut screw thread working in a close-fitting nut. 

In general, there is a circular head of a largo diameter fitted 
to the screw and moving past a scale fixed parallel to the axis. 
The head is subdivided into a definite number of equal divisions, 
so that the screw can be turned through fractions of a revolution 
and these fractions read on the micromeWr head. 

In one complete revolution the point of the screw adv^anccs 
a distance equal to the pitch of the screw, this being the 
distance between similar points on consecutive 
turns of the thread. If, therefoie, we tuin 
the head of the screw through one-hanJredth 
of a rfrobiliofiy the point of the screw will 
advance by one hundredth of the jfitrh and so 
on ; hence the screw point can be moved for- 
ward by minute known amounts, provided the 
pitch is known. The accuracy obtainable by 
the use of micrometer screws is limited only 
pitch of screw accufacv wutli which the screw is cut 

and fitted to the nut. Where extreme care 
has been taken, as in gri/iding the sciew for 
the ruling of Diffraction Gratings, it is possible to set off small 
distances accurate to the hundred-thousandth part of a centimetre. 

It is worthy of note that, owing to wear l>etween the screw and 
the nut, there may be an appreciable amount of slackness in the fit 
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of these. This causes what is called back-lash, i.e. if the screw 
has been adjusted by turning it in one direction, and is then turned 
biuik\ the head may be rotated through an apjirecialile angle before 
the screw begins tci move alcuig its axis. Error due to this may be 
avoided to a considerable extent by always turning the screw in the 
min4i direction when making the final a<]justinerit to any particular 
position. Even this will not prevent error if the screw thread has 
w’orii unevenly in different jiarts, and a Ixidly-worn screw should 
therefore Ixj replaced by a new screw' ami nut if accuracy is desired. 

The Micrometer Screw Gauge i.s an instniinent for measuring 
the linear dimensions of small objects. It de 2 >ends on the fact that 
wdien a iH.;rfect screw' works 
in a fixed nut, the motion 
of translation of the screw 
is directly j»ro]>ortional to 
the amount of imitation 
that is given to it. Dy 
using a screw of fairly line 
pitch, and l)y arranging for 
the measurement of small 
fractions of a turn, very 
small distances can Ijc measured with accuracy,, as already descril>ed. 

For scientific work, a screw' the }>itch of which is J mm. or 
1 mm. is frecpiently used. In engineering work the pitch is 
freipiently -j^jtli inch (nearly but not quite the .^iume a.s h mm., since 
a metre is nearly 40 inche.<). 

Exi’t. 3. Measurement of the Thickness of a Plate 
by Means of a Micrometer Screw Qauge. — In using the 
micrometer screw' gauge it is necessary to find lii*st uf all 
the pitch of the screw*, that is, the distance tlu'ough Avhich 
it travels for one complete turn. The sci-ew itself is con- 
cealed in the nut A, hut Jf the divided head Is screwed out 
a little way a si'ale C w’ill be found engraved on the nut, from 
which the pitcli of tlie screw can In? found reatlily. l>*termine 
the leiigtli of each division of this scale by comj»aring it with 
an incli or centimetre rule, and notice how many complete 
turns of the screw arc required to carry it from one division 
to the next. * 

Notice next the number of divisions on the cylindrical 
divided head S.>, and determine the tnivel corresponding to 
rotation througli one division. 

For example, if the pitch is J mm. and the head is divided 
into 100 ^’t^rts, each division corresponds to a movement of 



Fio, 8. — MiCron»*t<‘r Screw Gatig>\ 



26 


A TEXT-BOOK OF PRACTICAL PHYSICS " 


PT. 1 


mm. or 0-005 mm., and two divisions correspond to 
mm. or 0-01 mm. 

In the micrometer screw gauge there is a butting point P 
rigidly attached to the nut by means of a bent arm F. When 
the point Q of the screw is broiiglit into contact with it by 
turning the head with a gentle pressure of the fingers, the 
zero of the scale on the divided head should corresi^ond with 
the zero of the scale on the nut. If this is not the case, the 
instrument possesses a zero error which must be observed and 
allowed for. 

Care miief l)e taken to screwing the point of the screiv 

against the butting point with pressure. This treatment would 
damage the threads and distort the frame of the instrument. 
In some instruments there is a ‘free wheel* device which 
allows the head to turn freely in the fingers when the pressure 
exceeds a definite limit. This ari'angeinent tends to eliminate 
uncertainties in rt^ading caused by differences in pressure. 

To measure the linear dimensions of an olyect, the screw is 
turned bsick until the body can be instated between the point 
of the screw and the butting point. Tiie point is then screwed 
forward till the object is held gently between the two, the 
pressure of the fingers on the head of the screw l>eing as nearly 
as passible the Siirne as that used in the first observation. It 
is convenient to make the adjustment by holding the smooth 
part of the head, not using the milled ridge H at all. The 
screw is turned till the fingers slip on when lightly gvipiung it. 

Take the residing of the gauge in this, position and add or 
subtnu-t the zero error as the c^ise may re<|uirp, t.c. subtnict 
ahjeffraimit y the zorr* ri»t<ling from the reading obtainiMl. 
lleis^it the observations .sevcml times and take the mean of 
the results. 

Mea.surc in thi.s way the thickness of a metal plate, rciK?at- 
ii»g the observations at different points of the plate so as to 
obtain the mean thickness. Meaaure also the metm thickness 
of a second plate of the same metal having the same outline 
and, consequcotly, tlio same area. Find the nitio of these two 
tliicknesses. Weigh the tw'O plates, and find the ratio of the 
two w'eights. Assuming the plates to be uniform and of the 
same density, the ratio of the thickueises will be the same as 
the ratio of the weights. 
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MICROMETER MICROSCOPE 

There are many optical methods of making accurate measure- 
ments of length, among them being the microscope with a 
Micrometer Eye-piece. A fine transparent scale is fixed near 
the focus of the eye-piece ; in some instruments a spider line 
can be moved across the scale by means of a micrometer screw to 
measure freactions of a division. The microscope is used to give ^ 
a magnified image of the object to be measured (see p. 282). 
A real image is formed near the focus of the eye-piece and is 
comjml'od with the fine scale placed there, the scale being seen 
at tlie same time as, and superposed on, the image of the object 
viewed. A body of known size is then viewed with the micro- 
scope in order to find the magnification produced by the objective, 
and thus the size of the small object can be determined. It 
is essential that the adjustment of the mieroscox>e should remain 
unaltered for the two observations. 

If, for example, the magnified image of the small object occupies 
52*4 micrometer divisions, and a millimetre saile seen through the 
microscoiie, when in the siime adjustment, covers 40-3 micrometer 
divisions \\ev mm., it is obvious that the small object is 1-300 mm. 
across. The chief use of the microscope with a micrometer eye-piece 
IS, however^ for ixccamtcly comjpni iny small distances, not for their 
actual determination in mm or cm. It is largely used in some 
forms of investigation, for observing and measuring the minute 
motions of the gold leaf of an electroscojie. 

TRAYELLINO MICROSCOPE 

In the Travelllnfir Microscope or Vernier Microscope a com- 
pound microscope^ is mounted so that it may be moved in a 
direction at right angles to its axis by means of a screw or a 
rack and pinion. The distance through which the microscope is 
moved can be read on a fixed scale with the aid of a vernier that 
moves with the microscope. In the instrument illustrated in 
Fig. 9 the microscope has both a vertical and a horizontal 
traverse. It has also an angular motion so that it may be used 
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n'ith the axis vettivul <n Jiorj/oiit.il, or iiicliiuHl to tlio hori/.oiitiil 
at anj’ augio. Tho eye-piort* sfumld he provitlod with cross-wires, 
and in foeussini; on any object tho intorsectioji of the cross- 
wires should ho brought into coincidenco with tho point of tho 
object to he ol>seived. To nioasuro the di'stance b(‘f ween two 
points the microscope is focussed first on one and tJieii on tho 
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other. It is necessary that the line joining the ])oints should 
be parallel to tho direction of tia\eise of the micioscopc. The 
difference between the readings in the t>\o cases gives the distance 
required. Examples of this metliod will be fouiul in Expts. 77 
and 78. 

The comparison of twij lengths may be carried out by a 
substitution method using two vernier microscopes. 

Exit. 4. Comparison of the 'Sard and the Metre. — 

Ret up securely two >enu»*r microHCoiH'S so that the line 
joining them may lx* jiarallel to tlie direction of travel of each 
juicro8co|>e. Arrange supports for the two wailes so as to 
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raino their cngravtcl (aeon to the 0am^ height above the teWe, 
adjusting this height so that the divisions iija>' te focuMised by 
the microscojKJS. Focus one iiiicrosco]>e on a division at one 
end of the yard sailc, and the second microHcoite on a division 
ii(‘ai* the otlic;r end. Jiriiig the centre of the cross-wires over 
the centre of the division in each case, Xote the distance in 
indies between the cross-wires of Die microscopes. Now 
reniovc the yard scale and substitute the metre scale. If the 
preliminary adjustments w'ere made correctly, the divisions on 
tills scale should come into at both ends. Move the 
scale until a division m^ar one end exactly coincides with 
the centre of the cross-wires at that end ; then the centre of 
tlie cross-wires at tlie other end will fall Ijetween two scale 
divisions. Move the microsco])e at this end by means of the 
slow adjustment iowarth the mi(*rf».sco[)e at the other end till 
the centre of the cross- wires coincides with a scale division. 
Observe the distance through which it moves by means of the 
vernier and scale of tlie instrument, and note also the distance 
between the divisions of the metre scale. Then the number 
of inches in the iirst observation is ecjual to the number of 
millimetres in the second pins the di.stance measured on the 
scale of the microscope. From this result may be calculated 
the length of the inch or of the yard in centimetres. 


§ 3. Measurement of Time 

Of all the measurements with which w’e have to deal in 
elementary physics, that of Time is the most difficult. The 
scientific unit of time, the mean solar second, depends, as we 
have said, on the period of rotation of the earth on its axis. 
This period is determined by astronomical observations. To 
obtain multiples or submultiples, we employ a mechanism — a 
clock or watch — designed on the assumption that the oscillations 
of some body — a pendulum or balance-wheel — are isochronous, 
that is, of ecjual duration, and consequently mark equiil intervals 
oi time. This vibrating body is the essential part of the apparatus, 
the rest being merely an arrangement for counting the oscillations. 
No mechanism which is absolutely trustworthy and regular has 
yet been devised for the measurement of time. The clock rate 
can, however, be determined by astronomical methods. In 
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order to measure an interval of time, the period is observed 
by means of a clock or watch, and this period is then corrected 
by the proper factor depending on the clock rate. 

In all but the most exact determinations it may be assumed 
that the time intervals given by a well-regulated clock or watch, 
keeping civil time, correspond accurately with mean solar time. 

Even if the clock or watch does keep correct time, there are 
unavoidable erroi*s in time observations which are a direct 
consequence of the usual mechanism. In most cases the seconds- 
hand does not move uniformly but in a series of jerks, receiving 
an impulse each time the balanee-wbecl or peiululiim passes 
through its position of rest. When therefore a stop-clock or 
stop-watch is stiirted, there is a possible error equal to half 
the period of vibration, and a similar error exists when it is 
stopped again. 

Suppose, for example, that the watch ticks every one-fifth 
of a second, then if it is just approaching the position of rest 
when it is started, the seconds-hand will jump forward one-fifth 
of a second immediately the watch starts. Or again, if the 
watch is stopped just as it is about to tick, the final one-fifth 
of a second will not be recorded, whereas the slightest possible 
delay in stopping the watch would have recorded it. 

It will be seen, therefore, that stop-watch and stop-clock 
determinations of time intervals cannot be relied upon to closer 
than one *tick’ of the watch or clock, even if the clock rate 
is quite accurate. 

, For accuracy of a given order it is therefore essential that 
the time observations shall be prolonged over a certain length 
of time determined by the duration of the Hicks' and the accuracy 
r^uired ; accuracy of 1 in 1000 demands a period of more than 
three minutes if a watch ticking fifths of seconds is used, and 
so on. 


ETE AND EAR ESTIMATIONS 

If an ordinary clock or watch is used instead of a stop-watch 
the possible error is even greater, owing to the difficulty of 
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estimating exactly the position of the moving seconds-hand/ 
This may be got over to some extent by combining eye and ear 
observations, and as this method is used frequently in certain 
types of work, it will be described here briefly. 

Siipiwse that observations are being made on the motion of a 
l)endulum. ^ In commencing the time observations the observer 
sttirts counting ticks as tlie secxjudsdiand commences a fresh minute 
or passes some other convenient |)oint. This counting is then 
continued by «ir, the ei/e l)eing turned to observe the [>endulum. 
If the jKsndulum ])asHes the middle of its swing between the 17th 
and 1 8th ticks, it is easy to work out the exact moment when this 
jiassage took place, and hence the commencement of the set of swings 
to be observed is known to the nearest tick of the watch. When 
the last vibration of the ]Xindulum is com])Ieted, i\e. when the 
pendulum is moving through the middle of -the last swing to be 
observed, the observer begins to count watch ticks again, and 
continues to do so until he can look at the watch face and observe 
the time corresponding to the ticks he is counting. An example . 
will illustrate the method : 

Counting started at 2 h. 31 in. 0 s. 

Pendulum passed middle point at 17th tick after this. 

Counting started at completion of 100th complete vibration. 

Watch indicated 2 h. 32 in. 20 s. at 31st count. 

Each watch tick = I th sec. 

.'. First swing commenced at 2 h. 31 m. 3*4 s. and lOOtk swing was 
completed at 2 h. 32 m. 13*8 s. 

Hence 100 complete sw'iiigs take 1 m. 10*4 secs., or the |teriod of one 
swing =0*704 sec. 

The possible error is 0*2 sec. at each observation. 

The i)eriod=0*704± 0*004 sec. 

It will be observed that even using precautions of this type and 
taking a large number of swings, the possible error is more than 
^ |)er cent in this case. As in most cases tlie time has to be 
squared, this error usually is doubled. With a slower-ticking 
watch the error is correspondingly greater ; an experienced observer, 
however, using a clock, or chronometer, ticking half-seconds is able 
to estimate to one-tenth of a second. 

It is also worthy of note that the percentage error depends on 
the total time observed, and not on the number of pscillations 
taken, so that the same accuracy is obtainable with a smaller 
number of slow swings as with a large number of quick swings, 
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provided tlie times occupied by tbe swbgs observed are approximately 
equal. 

It is Impossible accurately to estimate fractions of a 
vibration, and therefore the student must invariably find 
the time taken for a given number of swings, not the 
number of swings in a griven time. 

NOTES ON ACCURATE WEIGHING 

Weighing by Oscillations. — Tlie poiiitor of a balanoo moves over a scale 
which usuallv has '20 divisions, imagine the.se to he numht red from the 
left-hand eml, subdividing each diviNion iiieiitally into 10 parts, so that the 
centn\l mark is called 100, and the mark at the right-hand end is 200. 

We must tir^t determine the sero-point, or flie ]>osition of rest of the ficain 
when unloado'l. To do this, the beam is allowed to '-uing freely witJioat 
any load in the scale-pans. Five consecutive readings of the “turning- 
points*’ are taken; three of those will be .successive niaximnni swing.s to 
one side, and the other two will be tlie maximum swings to the other side 
occurring between tlieiii. The mean of the three swings to one side is taken, 
and also the mean of the other two swings. TIiu zero-point lies midway 
between the tw’o means thus obtained. 

The object is placed in the left-hand pan, and weighed as already ilescrihed 
(]»p. 16-18). The centigram rider is placed on tin* divided beam, and moved 
until when it is on one division the pointer i.s to iho right of the zero-point, 
while when it is on the next division the pointer lies to the left of the zero- 
yioint. The resting- iioint of the balance is determined for each of these 
j)ositions ot the rider by taking five readings of the turning-points as in 
finding the zero. The w ei^lit of the body can then be found to a fraction of 
a milligram by the method of “ projmrtional parts.” 

As an example, suppose the resting-points are : 

Empty balance 112 

Loaded with 47*634 gm. . . .114 

Loaded with 47*635 gin. .... 

The last two give the sensibility of the balance, i.e. the duHoction of tlie pointer for 
1 mgm. as 114 - 98=16 divisions. W'hen the balance is loaded with 47*634 gni., the resting- 
point is 2 divisions from the zero-point. This difference corresponds to 2/16 -■- 0*125 mgm., 
and if this weight were added in the right-hand pan, the loaded balance would swing 
about the zero-point. 

Tlie weight of the object is thus obtained as 47*6341(2) gm. 

To facilitate reading the position.^ of the turning-points, a low-power 
niicroscoxie is sometimes fittccl to tlie front of the balance case. 

Weighing by Substitution. — Borda employed a method in wliieli the 
body is counter-balanced as accurately as possible. It is tlicn removed and 
replaced by standard w'eights. Wlien the balance again swings about its 
zero position, the weiglits in the pan must evidently have tlie same mass as 
the body. 

Double Weighing. — In the metliod of Gau.ss, the body is first weighed in 
the left-hand pan, and then in the right-hand pan. If A and B denote the 
weights thus determined, the true weight W is given as W= \/aB* 

These two methods eliminate any error arising from inequality of the 
arms of the balance. 



CIIArTEK III 

MKASUUEMEXT OF QUANTITIES IX DEKTVED UXTIS 

Ok the quantities which are measured in ‘derived' units, 
among tlio simplest to measure are areas, volumes, and densities. 

§ 1. Measurement uf Area 

MEASUREMENTS OF AREAS BOUNDED BY STRAIGHT LINES 

The unit of area used in scientific work is the square centi- 
metre, i.e. is the area of a scpiare each side of which is 1 cm. 
long. 

For the measurement of areas bounded by straight lines the 
ordinary rules of mensiuation are applied, the lengths required 
being measured by means of a scale. It is possible to subdivide 
any figure of this type into triangles, and the total area is found 
by adding together the areas of the individual triangles, the 
area of a triangle being half the product of the base and the 
perpendicular height. 

If the area of a sheet of metal with straight edges is required, 
vernier callipers (p. 22) may be used to obttiin greater accuracy 
than is possible with an ordinary scale by eye estimation. 
Where convenient, part of the Jirea may bo subdivided into 
rectangular figures, and only the corners treated as triangles. 

Expt. 5. Measurement of the Area of a Bectilinear 
Figure. — Find, by iiioasuring the base and the perpendicular 
height, the area of a triangle cut out of a thin metal sheet. 

33 B 
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The area is one-Lalf the product of these quantities. Since 

each side in turn may bo chosen 
as the base, three independent 
determinations can bo made. The 
three results should agree within 
the limits of ex^x^rimental error. 
Take the moan td the three 
values as the area of the tri- 
angle. 

Detcimine also the area of 
other figures, such as a quadri- 
lateral, a pentagon and a hex- 
agon, by subdividing them into 
triangles as iu Fig. 10. 

MEASUREMENT OF AREAS WITH CURVED BOUNDARIES 

* 

In the case of certain figures with cur veil boundaries the 
relation between the area and the linear dimensions is known. 
Thus for a circle of radius r, the area is while for an ellipse 
of semi-major axis a, and semi-minor axis the area is Trad. 

I. The method of sulxlividing the area into triangles and 
rectangles can be a(loi)tc(l even with irregular areas in order to 
obtain approximate values for the area. The accuracy depends 
on the degree of sulxiivision to a certain extent, but if carried 
too far, the total possible error due to minute errors in deter- 
mining the various small areas may more than discount the 
additional accuracy obtained 
by increased subdivision. 

This method is the basis 
of that used in suneying. 

II. If the figure is drawn 
on squared paper, the area 
can be found by counting 
the number of squares. It is 
clear that the accuracy ob- 
tained depends on the fineness 
of the ruling — the smaller the elementary squares, the more closely 
can the outline of the given figure be followed (Fig. 11). 



ru». II.— M«a«uremcnt of Area. 



Fio. 10.— Pentagon divided into 
Triangles. 
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This method js a particular case of L, a small square being 
chosen as the unit by which the figure is built up. 

III. Areas can be determined with considerable accuracy by 
making use of the balance. The Bgure is drawn on a sheet of 
cardboard or thin metal whose thickness should be as uniform 
as possible. The area is then cut out * and weighed. From 
the same sheet is cut an area, of which the shape may con- 
veniently be a rectangle or a triangle, and its weight is found. 
The area in this case can be determined from the linear 
dimensions. The unknown area is then calculated by simple 
proportion, assuming that the first area is to the second as the 
weight of the first figure is to the weight of the second. 

Exi*t. 6. Measurement of the Area of a Circle. — Draw 
a Olrclo of convenient radius (5 to 10 cm.) and determine its 
area by each of the three? meth^s L, 11., and IIL, and deduce a 
value of TT in each case. 

IV^ The area can bo found by mefins of Simpson’s rules. 
These rules serve to determine approximately the area included 
between any regularly curving line and two ordinates drawn at 
the extremities of the curve perpendicular to some base line. 

Divide the base line into a number of equal parts, and 
draw the corresponding ordinates, dividing the area into a 
number of strips. 

First Buie. — Add together the halves of the extreme ordinates 
and the whole of the intermediate ordinates, and multiply the 
result by the common interval (the distance between consecutive 
ordinates). 

Second Buie. — ^Add together the extreme ordinates, twice 
the sum of all the odd ordinates (omitting the first and last) 
four times the sum of all the even ordinates, and multiply by 
one-third of the common interval. In this case the number of 
strips must be even. 

The first rule is easier to apply than the second, but is 
slightly less accurate. These rules are frequently employed by 
engineers in the measurement of indicator diagrams. 
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Expt. 7. Measurement of the Area of a Semicircle. — 

Dmw a somicircle of conveiiicnt railiii.s and detunnino its area 
by the above rules, ("omiwire the results Avith the area found 
by calculation. 

1' TIio area can bo measured with a Planimeter. I'liis 
method is of great iiuportauce to the engineer or surveyor, 
but is of a more advanced character than the methods so far 
considered. 


THE PLANIMETER 

A numlier of instruments have been devised for the direct 
determination of plane areas of any contour, t!ie general name 
Planimeter being applied to instruments of this class. Of thesa 
probably the most elegant and simple is that flue to IJ^ofcssor 
Amsler of Schaffhausen, and as this is the type in general use, 
we shall confine ourselves to describing the construction and the 
method of using this planimeter. 

The instrument (Fig. 12) consists of two rods OA and AI> hinged 
together at A ; the rod OA is fixed at tlio end O, so that A can move 



only in the path of a circle about O. At H is the tracing point, 
and the hinge at A is so arranged that tlie point 15 can move in any 
direction in the plane OAH, tlie motion l>eing limited only by the 
lengths of the arms and the mechanical construction of the iiistriiment. 
Somewhere along the arm AJi is mounted a wlieel C, wliose axis is 
parallel to the arm AB, this wlicel Vicing usually on the side of A 
remote from B, altlioiigh this is not necessary for tlio working of 
the instrument. This wheel is fitted with a circular or cylindrical 
scale D subdivided into 100 equal parts, and a vernier scale E fixed 
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to the frame cnahicg the position of the wheel to be read to loVd 
of a revolution. Whole revolutions are registered on a small revolu- 
tion counter connected to the wdieel by a worm gearing. 

I'he instrument rests on the fixed centre O (Figs. 12 and 13), 
on tlie edge of the wheel 0, and on the tracing jx^int B, If the 
point B is moved, the whole arm AB will nK>ve. Any motion of AB 
along its own direction will «iusc mere sliUnff of the w’heel, no 
rotation being pHsluced whatever. On the other hand, if AB 
moves pirin itdlcuhtr to its length, the wheel will roll a distance 


equal to the distance moved 
through by the arm AB ])er- 
j)endicular to its own lengtJi. 
However AB moves, the 
component of its motion 
perpendicular to its lengrth 
will be registered by the 
rolling of the wheel, and 
therefore the distance 
rolled through by the 



Fi'J. 13.— Plan of Planimeter. 


wheel due \o any motion of AB, is the total distance 


through which AB has moved .perpendicular to its own 


direction. 


From this distance it is possible to determine the area of the 
figure round which^B has been Uiken. 

There is an important difference Wtw’een the case w'here O is 
outside the figure round which B moves, and the case wiien O is 
included within this contour ; and we shall first consider the case 
when O is outside the area to be determined. 


Area not enclosing the Fixed Centre 

Consider the arm AB to move from the position A^Bj to the 
IX)sition A.,B^ (Fig. 14). A would move along the circle about O 
from Aj to A.^, and 11 might traverse the path The same 

position w’ould liave been reached if AB had moved imrallel to 
itself into the position A^B^ and then had roUited about Aj, into 
the final position A.jBo. 

If the perpendicular distance betwTen A,Bj and AoBg is a small 
amount and the angle between A.JI 3 and Ao^j ^ small angle 
8 </>, the area sw’cpt out by the arm AB in this motion would be 
equal to where b = length of arm AB. 

The actual area swept out, A|A 2 B.>Bj will differ from this by the 
small area BjBjB^, which will be negligible if Ss and 8<l> are small, 
and hence we have that 
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Small area swopt out by + 

Any motion of AB can 1)6 taken as tho sum of a niuubcr of 



Fio. II.— Klenifnlary Art*a trar<sl hy Ptatiiuu'trr. 


elementary ni/itiV>ns of tlii.s ty|M‘, ami thfivfore, in any motion of 
the arm AB, 

Total area swejtt out by 

The synilxJ 1’ liore, and elsenliciv, is used to denote tJie sum of 
a series of terms whicli are all of th<^ Siiiiie tyjH‘,^ 

Suiijiose that tho point B moves completely round an area not 
enclosing the fixed centre O. 

Let the extreme posit iou.s of the arm bo AjBj and Aj,Bjj{Fig. 15), 
B circulating round the area in the positive direction, i.e, so that 
the area always lies on the right hand side of an observer^ioving 
round vvith the point B. 

In traversing the patli B^EB 2 , the arm AB sweeps out an area 
AiA 2 B 2 EBj, wliile on the return journey via F, it sweeps out an 
area AjAoB^FBj. Thus, the net area swept out by the arm 
AB when B moves round the sdven contour, is the area 
enclosed by the contour. 

Thus Area B^EB^F = 

or Area required = 

Now the arm AB returns to the same jiosition as at first, when B 
goes completely round the area, and therefore ^d </> » 0. 

Hence - Area B^EBgF ~ d^Ss « 8S, 

where S » total distance rolled through by the wheeL 
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For areas not enclosing the fixed centre 0, the area round 
which the tracing point is taken is equal to the distance through 



which the wheel rolls, multiplied by the length of the arm from 
the hinge A to the tracing point B. 

Areas enclosing the Fixed Centre 0 
• 

The Zero Circle, — Before considering the general case of any 
area enclosing the fixed centre, it is essential to consider the special 
case of the ‘zero circle/ If we clamp the two arms of the 
plaiiimeter together in such a position that the plane of the wheel 
passes through the fixed centre, the point B can move only in a 
circle of radius OB about 0 (Fig. 17, p. 42). 

If we cause B to trace out this circle, the w heel C will not roll 
any distance W'hatevcr, because it is moving ixjrpendicular to its own 
plane the whole time. Thus, when this circle is traced out by B, 
the reading of the wheel is unaltered or the registration of the 
wheel is zero, hence the term ‘ zero ’ circle which is applied to this 
particular circle. 

By placing the planimeter in this position (it is unnecessary to 
clamp it) the length OB can be measured, and hence the area of 
the zero circle can be determined. 

General Case of any Area enclosing the Fixed Centre. — 
Consider the area ABCDEF (Fig. 16) enclosing the fixed centre 0, 
and let the dotted line indiaite the zero circle. If wo take the tracing 
point from A to B along the curve, and then return to A along the 
zero circle, we shall have traced out the area AGBH in the positive 
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diivction, ami tliercfoiT tlu* ivatling on the ^^ilI corn‘sj»oiid 

witli this area AOHll, aitnr this dots imt includf (K 

Now this ivailin^; of the wheel was all re^istei ‘d duriii^ tlie 
motion from A to 11 alon^ tlie eiirve, sinee. there is ii" rt»lliiig of the 
wheel when the tracing point travels along the zert> » irele, lienee 
the area AGllH is registered hy the wheel while it nu>ving from 
A to II along the eur\e. 

If now we start at B and go round BKCL ve sliall have 
traversed tlie contour of the area JJKUL in the wc</o///v' direction, 

i.t\ the wheel will have rulletl 
htfckwnrds a distance corre- 
spomling witli the an-ii 
l>lv(!L. Again, the whole 
of this ino vena ‘lit was re- 
cortled while the tracing 
point was moving tdong 
BlvO, ami lienee in moving 
along BKO, the area BKCL 
was recorded ue^ativd//. 

It is obvious from the 
foregoing tliat the wheel 
automatic4illy reverses its 
direction of rotation as the 
tracing point erosws the 
zero circle, and therefore the 
zero ejrcle need not be drawn. 

It is thereff»re apparent that >Oien the tracing point is taken round 
an area wliieh iiicliulcs the lixed centre, the total distance 
rolled through by the wheel corresponds with the 

algebraic sum of the areas outside the zero circle. 

The area required is given by the area corresponding with (lie 
distance recorded by tlie wheel, jdas the ar»M (»f tin* zero circle; ' 
hein;e the zero <'iicle mn.-t first Ik* delermimsl uk ih*jw;ribed above. 

Great care niu>t be ns<id to notice in what direction the instru- 
ment is recording when using it witli the centre inside the area to 
lie measured, and of courses the positive or negative sign j>refixed as 
required : the tracing point must always lie caused to go round 
the contour in the positive direction. 

Expt. 8. Calibration of the Planimeter. — The first thing 
to he done in u.sing a planimeter is to find out wliat area 
corresponds with one whole revolution of tlie rolling wheel 
This of course depends on tlie length of the tracing arm from 
the hinge to the tracing point, and also on the diameter of the 
wheel 
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(i.) Determination of the Lengrth of the Tracingr Arm. 

Sut the hinge carrier until the index on it is in line with one 
of (he lines on the side of the tmeing arm — the line marked 
100 cm. Q is a convenient one, or if the planimeter gives inches 
it iJiJiy b(j adjusted to the line marked 10 in. £]. We have now 
to find the length from the liiiige to the tracing point. This is 
no «*iisy matter, as usually the hinge is enclosed almost entirely 
])y (he liiiige carrier and adjustments. Tlie In^st way is to lay 
the instrument on its side on a sheet of s<|Uared i)ai»er, placing 
tins tracing jjoint on some doffhite line in tlic paper, and 
estimating to tin* nearest 0-1 mm. where the axis of the pivots 
lie's. The tracing bar must Ihj placed parallel to one side of the 
K(juared paper in order that the length may be obtained 
accurately. 

In some forms of i*lanimetcr two points arc carried on the tfyp 
of the tracing arm ; one of these is fixed near the end of the arm, 
and the other moves with the binge carrier. They are so placed 
by the maker of the instrument that the distance l^tween them is 
exactly equal to the distance between^ the tracing ix)int and the 
axis of the hinge. Consecjuently-this*distance may be measured 
with a scale — a much simpler and more accurate observation than 
that already desoril)ed. The distance thus obtained is the length 
h already referred to in the description of the instrument. 

(ii.) Determination of the (Jlrcumference of the 
Wheel. — The circumference of the tracing wheel is determined 
by measuring the diameter it with a micrometer screw gauge 
and multiplying by r, care Ixung taken to adjust the micrometer 
screw till it touches the wheel edge very lightly only, otherwise 
the edge of the wheel may be deformed and the accuracy of 
the instrument destroyed. 

The product of the length of the ayn h and the circumference 
of the wheel ird is the area correspoiKling with one revolution of 
the wheel when the instrument is in this adjustment. 

This product will be found to coincide very nearly with the 
indication 100 cm. □ or 10 in. Q] on the side of the tracing arm 
to which the liiiige carrier was adjusted. Tiiese graduations are 
made by the maker of the instrument, and are the areas corres|)Oiid- 
ing with one revolution of tlie wheel with the instrument adjusted 
in this manner. It is obvious tliat tlie above methods for getting 
ij and d are somcwdiat crude ; the instrument maker has more 
accurate means of measuring these quantities, so that, unless the 
instrument is old, or has iKien handled severely and distorted, the 
values indicated on the tracing arm should be used. 
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Expt. 9. Determination of Small Areas with the 
Planimeter. — Tiie area conBlderecl is small enougli for the 
fixed ceuti-e O to be Uikeu outside the ligure. 

(i.) Percentage Error with Planimeter. — ^Trac^ out a 
square of side 10 cm. and, liaving ttvkcu the tracing point round 
the contour, convert the reading of the jdanimeli r into sq. cm. ; 
express the ditfcivnce lK*t\veen this and 100 stj. cm. as a jxir- 
centage of the total area. Tliis gives the percriitagc error of 
observation witli this form of instrumont. 

(ii.) Area of a 01rd|e with Planim^er. — Draw a circle 
of 10cm. nidius aiijl find its area by the planimeter; lienee 
determine the value of r. 

£xi*t. 10. Determination of the Area of the Zero Circle 
of the Planimeter. — The use of the instrument for small 
areas, and the method of traii.slating its indications being 
now thoroughly under.stoo<l, it is e.s.sential that the zero circle 
should Ikj determined in order that large ureas enehmntj the 
jiJted point may U* measured. 

(i.) Oalcnlation of the Area of the Zero Circle. — Place 
the wheel on a piece of squared |>aper so that its jioint of 
contact with the juiper is exactly on one corner of the sipiares, 
and its piano lies along one of the sides of tlie sc^uares. 
Place the tracing iioint on one of the edges, and the fixed 

centre on the edge in the 
plane of the wheel, prick- 
ing both points into the 
pa]ier. 

The instrument is now 
fixed%ith the plane of 
the wlieel passing through 
the fixed point, and there- 
fore, 08 described in the 
foregoing investigation, 
the distance between the 
fixed point and the tracing 
lK)int is the radius of the 
zero circle. This distance can be measured, and hence the 
area of the zero circle found, or, since in Fig. 17 

we can write 



Area of Zero circle » 
and It need not be measured. 
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If the 1(jp of the tracing bar is examined, it will be found tliat 
tluTO are \'arious numlx;rs marked on it at different points, each 
nuinl>er being above one of the graduations on the side of the ban 
These aie the areas of the zero circles corresponding with the 
various pr»sitions of t)ie hinge carrier, and are uswilly exjjrteeed in 
revolutions of the wlieel in that position ; ejj. if the index on the 
hinge carrier is set to the line marked 100 cm. □, p-iid the number 
on the top of tlie bar o]>posite to this line is 20*731, this means 
that tlie zero circle has an area equivalent to 20*731 revolutions 
of tlio wh« el, Le. an area of 2073*1 sq. An. 

Express tlie indicated zero circle area in sq. cm., and compare this 
witli the area calculated from your observations, as described in the 
preceding paragraph. As Ijefore, tlie methods available to the 
instmment maker are probably much more accurate than the crude 
method dt‘sc!ril>ed, and the indicated area should be used unles.s the 
instrument is obviously badly worn or distorted. 

(ii.) Experimental Determination of the Zero Circle 
Area. — The zero circle area can be determined quite simply 
by the indications of the planiineter itself. Take some area 
(regular or irregular) of such a size that it can be contoured 
without difficulty with the fixed jicint ovtside : a figure about 
20 cm. across is suitable for most instruments when set to the 
100 cm. Q graduation. 

Go round this area with the tracingjpoint, having the fixed 
centre outside^ and write down the area as indicated by the 
planimeter : let this be A. 

Next place the fixed centre inside the area and go round 
the figure again. This must be done slowly, as the wheel 
revolves very rapidly, and may slip or jump from off the 
paper if care is not taken. ciireful to notice also that 
the reading is dimlnUhing all the time, t.c. the area is giving a 
negative registration on the 'wheel : He area is of course being 
contoured in the positive direction. 

When this registration lias been obtained, we may use the 
equation already proved for the case where the fixed centre is 
inside ; 

Area A = registered area + zero circle areiu 

In general, this equation would be used to find the area A, but 
we can apply it in this s]>ecial case to find the zeto circle area. 
We have determined already the area A by means of the 
planinieteri using it with the fixed point outside^ and we liave just 
obtained the area, registered 'with this point inside, so that the zero 



44 


A TKXT-BOOK OF PRACTICAL PilY*sI(\S 


I T. I 


circle area is oiiUiil to the of llic two i|uaiititics, 

or, since one is negative, to tlieir arithiiietrie .sum. 

As ail example of this : — 

Fixed point outside 

First reading . . . i fVoluti<ms. 

jSeeoiid reading . . r»-7 1.‘{ l••\^)lution.'^. 

llegistration . . . 7 4 i*- volutions. 

jLrea = dr)7-4 .s^p cm. 

Fixed point inside 

First reading . . . (*J) 0*781 revolutions. 

JSecoiul reading . . . ivvolutifni.s. 

Eegistnition . . . - 1 7- US revolutions. 

The registration was negative all tlie time, and the wheel 
counting whole revolutions of the rolling wheel passed through 
its zero twice, hence the (2) in front of the first reading. 

Thus 

.3574 ~ ( - 1714»8) + zero circle area, 
or Area of Zero circle - 2072*2 sq. cm. 

The indicated value was 2073*1 wj. cm. 

Find the area of the zero circle by these two methrxls, and 
compare their results with the area induxited on the top of 
the l>ar. 

E\pt. II. Determination of Large Areas with the 
Planimeter. — In this ca.sfi the area is suppf»sed to be s») large 
that the fixed ceritreiL) must l)e Uiken inside it. 

Draw a large ellipse* about 40 cm. x 70 cm., using a loop 
of thread and two and find its area, u.sing the planimeter. 

Show that the area i.s ” times the area of the circumscribing 

rectangle, the sides of which are 2 ^arallel to the major and 
minor axes of the eJJi]i.se. 

§ 2. Determination of Volume and Density 

The density of a substance is defined as the mass per unit 
volume or the mass of 1 c.c. (in the C.G.S. system). If M be 
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the niHs.s .ind V the volume, the density is given by the quotient 
M/V ; this will be expressed as gm, per c.c. if M is in gm. and 
V in c.c, 

K\tt. 12. Determination of the Density of a Begular 
Solid by use of the Vernier Callipers. — Measure carefully 
the liiioar dinujnsions of a iiuiiiIst of regular solids with the 
veriiu i' ciillipers, reading to 0-1 mm., deducting (algebraically) 
the ‘zero reading’ of the callq^ers from each of the reading-s 
taken. 

Jh'|»eat each observation at least three times, and if i>ossible 
at dillerent points of the objeet, and take the mean of the 
results, r.jr, in ge tting the diaim'ter of a cylinder it slvould 
mea.mired at each end, and in the iiihhlle as well, to correct iot 
any ‘hiper.* At eaoli [ihn.v, two dhnneters at right angles to 
eju'li other should be iiieiisuretl tn com*ct for any elUplkUy, 
the mean of these six obscr vat ions Uiiig taken lui the itm 

diameter. ^ ♦ t • 

Calc ulate from your ol»«*rTaiions fbe rolujoHf llw lKM|f 
ex[»re.Hsing the re.'cull.** in eubi«* eefitifnlirv^ (hitnBBinhiffyt rtrfp 
are given on p. for varmu# ftytikr 

FukI, }»y ine.irH of tlii lxiki»A.Vy tho msM lln 
caliMilatr iti* (ifiifity. ; 

Kxit. i;>. Det«nnlB»aoii of tin DMMitf if » lipia 
Solid by means of a Mkrometw 8cmr 
the volume of a iiuml>er of n^guhir t»y 
linear diineu.»»ions with the mhit^mvWr 

Find the maas of wh .Milid by WTJghuig it s WUimv, 
and calculate the density, i.r. the of unit volume, m in 
the preceding exi»eriment. 

§ 3. The SPIIEROMiTFR 

The Spherometer is an instrument used for measuring the 
radius of curvature of a spherical Surface. In many cases — as, 
for example, when dealing with a lens — the surface is only a 
small portion of a sphere. In such a case the radius of curva- 
ture is the radius of the (imaginary) sphere of which the 
surface forms a part. 

The instrument (Fig. 1 8) consists of a small table supported by 
direc legs, A, B, C, placed as nearly as ]X)ssible at tlie corners of an 
jquilateral triangle. Through the centre of the table passes a 
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screw of fine pitch (usually 0*5 mm. or 1 mm.) forming a fourth 
leg O. The position of this leg can be read by mea]]| of a scale 



fixed at right angles to tfie table and a circular scale atUichcd to 
the head of the screw. ^ 

Expt. 14 . Measurement of the Thickness of a Plate by 
Means of the Spherometer. — ^In using a si>hcrometer the first 
thing to be done is to determine the value of the graduations 
of the two scales, for all instruments are not graduated in the 
same way. Find out how far the screw advances when the 
head is turned through one complete revolution. This distance 
will probably be 0*5 mm. or 1-0 mm. Notice next the number 
of divisions on the circular disk and determine how far the 
screw advances when the disk is turned through one division. 
For example, if the pitch of the screw is 0-5 mm. and there are 
fifty divisions on the graduated head, each division corresponds 
with a movement of 0*01 mm. of the point of’ the screw 
(see* p. 24). 

When the zero on the graduated disk is opposite the zero 
on the linear scale, the point of the screw is supposed to be in 
the same plane as the three fixed feet. In general tnis is not 
exactly the case, and it is necessary therefore to determine the 
amount of * zero error ’ of the instrument, or the ‘ze^b reading.* 
To do this, place the spherometer on a plane surface such as 
an optically-worked glass plate. Turn the head of the instru- 
ment till the point of the screw just touches the surface. The 
exact position can be determined by touching one of the outside 
legs with the finger tip or a pencil, and observing if the 
instrument will rotate about the screw point. The screw 
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must be turned until the instrument rotates when touched in 
this manner, but will no longer do so if the screw is raised 
the slightest degree. Repeat the observation several times 
and take the mean of the readings as the zero reading. This 
quantity must be subtracted algebraically from all subsequent 
readings. 

The thickness of a plate of glass can be measured as a 
preliminary experiment, by determining the zero reading on 
a plane surface, and then finding the reading when the screw 
point is resting on the top of a small plate, while the other 
feet still stand on the plane surface. 

It is often convenient not to take any account of the 
vertical scale exce^it to find the distance the 2 >oint rises for 
one turn. Instead of the vertical scale reading, the number 
of whole turns of the divided head should be counted, each 
turn being reckoned as 60 or 100 of the graduated head 
divisions as the case may be, the travel of the jioint being 
stated in terms of these. 

Example. — Zero reading is 23 divisions on the circular head. 

In order that the screw point should rest on the top of a 
small plate, four whole turns and ijart of a fifth were made and 
the reading on the circular head when correctly adjusted was 6.5. 

There were 100 divisions on the circular head, therefore the 
number of divisions turned through 

= 4 whole turns + 65 - 23, 

= 442 divisions. 

The pitch of the screw is 0-5 mm., tlierefore each division is 
equivalent to .j luin. 

Thickness of plate = 0-221 cm. 

Expt. 15. Measurement of the Radius of Curvature 
of the Surface of a Lens or Mirror. — Place the sphere- 
nieter with the fixed feet resting on the surface, and adjust 
tl^ central foot till it just touches the surface. Read the 
cfil^ular scale. Replace the instrument on the plane surface 
and find how many whole turns have to be made to bring the 
central foot back to the plane of the other three feet. From 
this and the readings of the circular head in the two adjust- 
ments find, as above, the distance through which the screw 
was moved Take the mean of several adjustments and let 
the height be h cm. 

We also require to know the distance between two fixed 
feetb Measure this carefully to 0*1 mm. with a nullimetre 
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scale for each side of the triangle and tako thn mpnn of tlm 
results : let it bo a cm. 

Then the radius of curvature is given by tiie expression 

N.B, — I. Since R dei^nds on the sciuare of a, a small iht- 
centage error in (i moans an error of twice this magnitude (per 
cent) in R. 

II. If h is in cm., a must be in cm., anti the value of R Avill 
he found in cm. 

III. The term 7i''J Ciiu often be neglected in comparison with 

rt2/6^. 

The results should be entered as follows : * ^ 

Ueailing on ijlaiie. litMiling on Ions, 

"22 <livisions 18 divisions 

21 divisions i7 divisions 

211 divisions Id divisions 

^feaii 23 divisions Mcmu 47 divisions. 

Dideronee — 21 dn Uions. 

Tlie screw head was turned tlirmigh two complete turns. 

/f -- 2 turns and 21 divisions -- 01 12 vu\. 


Distance between Icet. 

3*01 cm, 

3.03 cm. 

2.09 cm. 

Mean a - 3-01 cm. 


(3.0 ly^ 0.112 
^"“GxO-112''' 2 

= 13*5 em. 


It is useful to express the curvature of tlie surface in dioptreSi 
this being the unit of curvature employed by opticiaiia. A surface 
whose radius of curvature is one metre has a curvature 
of one dioptre,^ and thus the curvature in dioptres is the 
reciprocal of the radius of curvature in metres. The 
curvature in the example given is 100/13.5=* 7*41 dioptre.s. 


Proof of the formula 




In this formula /r is, tin* iHigth of tho side of tbo ctpiilaieral triangle 
formed hy the three feet (Fi'j, ]9}, 

I^t a- rli'uoto OH, t)if. railiim «*f |}n‘ rin uuiffi'ribiii^ oircle. 

Then, if OJJ Ijc at right axigh’j* to J5(’, 


for ABOI) is one half of an equilateral triangle. 
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Now OBa=rOp2+BD« 





To find the radius of cufvaturo we consider a section^of the s^ere by 
a plane ilirongh its centre and through the lipe BO in Fig. 19. Thus we 



obhiln Fig. 20, in whieli only a jwrtioii of the circle of euryature is shown. 
If the diameter 1\> meet tins circle again in S (1191 shown in Fig. 201. 


We know tl^t 
Hence, 

or, finally; 


QS = QP=:R. 
OB=OP/==a ana OP*:;*. 

OSxOP=OBxOI5'. 
(2K-//)A=..”, 
21Vi=x= + A2 ‘ 
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DETEBMINATibN OF SPECIFib GBAVITIES 

. " t. " ■ ■ 

§ 1. Definition of Specific Gravity 

specifle grayityt or relatiye density, of n ..substance is 
defined as the ratio of the weight of any volume of that 
substance to the weight of an equ|l volume of some standard 
substance. The standard 8ubs^nc6 usually chosen is water. 
For exact \fork it is necessary to specify the temperatures at 
which the measurements are made. Thus water is chosen at 
the temperature of 4° C., that is, at the. point of maximum 
density; For ordinary purposes, sufficient accuracy is attained 
by maJdng the measurements at the temperature of the room. 


. § 2. The Specific Gravity Bottle 

‘V 

The Spedfio Gravity Bottle is a bottle constructed so as to com 

tain a definite v ol^e of a liquid. 
In a common form the bottle is 
fitted with a grouiiddn stopper 
pierced by a small hole. The 
bottle is filled i^mpletely, and 
when the stopper is interted the 
excess liquid escapes, and can bO 
wiped away.. 

simpler and more accurate 
form has> a narrow neck on 
which a fearic, AB/ is made. 
^ M o ^ At The bottle is ffiled so thjd the 

F«,. «.-8p,oiii^vity i^tH« , ^ tliA HKpfacttS is level 

'irith‘'i]ie' m&rlE, uiy smpltu liquid' being.reoMyveAl^fil^ 
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:()r by liliduifi pipette Tlie re^ii f 6r tdlie 
form of bottle k that the stopper in the first bnngia Ihietyl 
tapered cone, can be wedged in farther sometimes than othms^ 
pfl^ieularly U the bottle is slightly wanner than the stopper* 


Exft. 16. Determination of the Specifier Gravity of a 
Liquid by using the Specific Gravity Bottle.— The bottle 
must first be dried thoroughly. Attach a glass tube, narrow 
enough to enter the bottle, to the nozzle of the foot-bellows by 
means of rubl>er tubing, and blow air into the interior of the 
bottle. At the same time warm the bottle very gently by 
holding it above (not in) the flame of a spirit-lamp or Bunsen 
burner. Hold tho bottle by the neck and keep it constantly 
rotating so as to prevent unequal heating, which would be 
liable to crack the glass. 

When the bottle is dry and cold, place it on the left-hand 
pan of the balance and deterndne its v eight correct to thd 
nearest centigi-am. Let tlie weigJit be B gin. ' 

Then All the bottle to the mark with water, being careful 
to avoid an error duo to i»arallax by holding the bottle with 
the mark on tho same level as tho eye. Weigh again and let 
tho weight lie W gin. 

Tho iveight of water filUng the lH)ttle is therefore W - B 
gnu 

Record (1) tho weight of tho bottle, (2) the weight of the 
bottle and water, (3) the weight of water Ailing the bottle. 

Fill the bottle to the mark with the liquid the specifle gravity 
of which is to be determined. 

Weigh the bottle full of liquid and let the weight be w gm. 
The weight of liquid filling the bottle is w - B gm. 

Therefore the specific gravity of the liquid is 

W-B’ 


Record (1) the weight of the bottle, (2) the weight of the 
bottle and the liquid,^ (3) the weight of liquid filling the bottle, 
and kstly the specific gravity of the liquid. 


SPECinC GRAVITY OF A GRANULAR SOLID 

The iuetho<l with the specific gravity bottle is applicable to solid 
substances that are heavier than water and insoluble in it., The 
specific gravity of sand or small shot may be found by this method. 
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In the case of a substance like glass, the solid must be broken up 
into fragments small enough to go into the specific gravity bottle. 

If the substance is lighter than water, or is soluble in it, we can 
use some other liquid in the determination, but in tliis case a 
separate experiment is necessary to determine the specific gravity of 
the liquid employed. 

In determining the specific gravity of stind, it is not sufficient 
to fill the bottle with sand and proceed as though wo were dealing 
with a liquid. By so doing wo should find the specific gravity, 
not of sand, but of a mixture of sand and air ; for a large amount 
of air is imprisoned between the sand grains. 

Expt. 17. Determination of the Specific Gravity of a 
Granular Solid, by using the Specific Gravity Bottle. — 

First determine the weight, B, of the empty bottle, as in 
the previous experiment. 

Fill the bottle about one-third full witli Siind, being careful 
to use dry Siind in a dry bottle. Weigh the bottle and sand 
and let the weight be gin. 

The weight of sand alone is gm. Fill up the 

space above the sand and between the grains with water, 
shaking the bottle round and round to get rid of, air bubbles 
from among the sand. If great accuracy is required, the air 
must bo removed by connecting the neck of the bottle with 
a vacuum pump by rubber tubing. Adjust the level of the 
water to the mark. Let the weiglit now be Wo gm. Then 
the weight of water added is Wo - W^ gm. 

Empty the bottle; fill it to the mark with water, and 
weigh again. Let the weight be W gm. Then the weight of 
water required to fill Um bottle to the mark is W - B gm. The 
difference between these two quantities of water (viz. W - B 
andWg — Wj gm.) represents the quantity of water required 
to fill tiie space occupied by the sand. Calculate this quantity 
and record the result. 

Now the specific gravity of sand 

_ Weigh t of sand 

~ Weight of equal volume of water* 

_ Weight of sand 

'^Quantity of water required to fill the’ 
space occupied by the sand 

Calculate the specific gravity of sand and record the result 
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§ 3. The Hydrostatic Balance 

FORCIES BETWEEN BODIES IN CONTACT 

When two bodies are in contact, the action and reaction 
constitute a pair of forces which, in accordance with Newton's 
Third Law, are equal and opposite. 

If the force be at right angles to the surface of contact of 
the two bodies, it is called a thrust. A thrust is measured in 
dynes or in grn.-weight. 

In any actual case the bodies must be hi contact over a 
finite area. Wo speak of the pressure between two bodies in 
contact, when considering the forces as distributed over the 
surfaces in contact. 

The pressure at a point is found by dividing the thrust on 
an element of area round that point by the number of units of 
area in the clement. Pressure is measured in dynes per 
square centimetre. 

When one of the substances in question is a fluid and the 
other a solid, the resultant force due to the fluid pressures on 
the solid can be determined in a simple yvay by a principle which 
we shall now consider. 

PRINCIPLE OF ARCHIMEDES 

The Principle of Archimedes is usually stated as follows 
When a body is immersed in a fluid, its weight is apparently 
diminished by the weight of the fluid displaced. A simpler 
and more direct statement of the principle is : When a body 
is wholly or partially immersed in a fluid at rest, it ex- 
periences an upward thrust equal to the weight of the fluid 
displaced. 

The truth of this principle may be anticipateil theoretically 
on certain assumptions as to the action of fluid pressure, or by 
a simple tyi)0 of experiment it may' be verified practically. 

If we consider the equilibrium of any portion of a fluid at 
rest, it is obvious that this portion must be supported by the 
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surrounding it^ otherwiscl its weight would cause it to sink, 
is also obvious t^t this supporting force must be exactly 
)iqwd to the weight of the portion considered. « 

' The support is given by pressures exerted by the surrounding 
0uid (indicated by the small arrows in Fig. 32), the resultant 
of which is equal to the weight of the 
portion considlored but acts vertically up- 
wards. The resultant supporting force may 
be temed the upthrust. 

If now a portion of the fluid be imagined 
removed, and a solid of exactly the same 
shape be put in its place, the surrounding 
fluid will still exert the same pressures as 
before; therefore the solid will bo sup- 
sported with a force equal to that which was 
exerted on the fluid which has bct^n dis- 
placed. 

But this supporting force is equal to the weight of the dis- 
placed fluid, therefore the solid will be supported by a force — 
the upthrust — equal to the weight of the fluid it has 
displaced, and its weight will apparently be diminished by this 
amount. 

Expt. 18. Experimental Verification of the Principle of 
Archimedes. — the exi)erimental demonstration 
of the truth of this principle two cylinders are 
used, one solid and the other hollow, the latter 
being made just large enough to allowtlie solid 
cylinder to be placed inside it. • 

The cylinders are provided with hooks so that 
the solid cylinder (A) may be suspended under- 
neath that which is hollow (B) : Fig. 23 gives a 
sectional view of B with A partly 'withdrawn. 

A is suspended below B, and l)oth are hung 
from the beam of a balance; in the hydrostatic Fw*23.--Ho11ow 
balances generally used, they are hung beneath j *,de^'*** 

the short pan as shown on the left in Fig. 24, 
a short piece of thread or very fine brass wire being used to 
let A swing well clear of B< 
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Fio. 22.~Pr]ticiple of 
ArcJiinKKlfH. 
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A and B should then he countetpoiaedhj pkee^ lia.' 

the other pan. . If now a vessel of water is placra. beneath A-: 
wd twised (or A, lowered) until.A. iS'. irnffieiasd ei^pletefy, i^ 
; mi Iw ieen tbAt the beam is no longer horiSEoata4-the i^{0ilf^;3 
■poising 'welghte nei^ too great. ' f 

Equilibrium is. restored completely, howerw, if B is w' 

the‘ brita mh water, thus showing that the weight lost wheil^ 
A is immersed, is just made up by adding a quantity of watec 
equal in^Tolume to A; t^e. when A is immersed in water, 
it loses a weight equal to the weight of its o^^n volume ci 
water. 



Fio. 24 .-*Veriflcation of the Principle of Archimedes. 


Bemovc the water from B and add weights in the small 
Bcale-pan until balance is restoi-ed again. Evidently the weight 
thus added is equal to the weight of water w^hich lills or to 
the weight of. water displaced by A. ^ 

Bepeat the whole experiment, using methylated spirit, 
paraflin oil, or any otlier liquid convenient. Note that 
after immersing A equilibrium is restored, when B is filled 
with the sa/?ie kM of liquid as that in 'which A is immersed, 
thus verifying the Principle of Archimedes. 

It is important to note that the apparent loss of weight is not 
the same in the various cases. This must be so since the upthrusts 
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arc the weights of etjual volumes of dilfeivut liijuids. If oiu* of tlit* 
lu]ui<ls is water, wo eaii at onec doduoe llic specific giavily of any of 
the other litpiids, for 


-r -i AVoight of anv vohimo of lioiiiil 

Specific gravity = — / , 

Poiglit ol an eipial Yolunio of water 


rpthrust lino to rK|Uul 
rpthnist lino to water ' 


APPUCATIONS OF THE PRINCIPLE OF ARCHIMEDES 

The Principle of Archinloiles aflforils a most important motliod of 
determining the speeitic gravities of hoth solids ami liijiiids. When 
a soliil IS completely immersed in a rujiiid, tlie upthrust on tin* solid 
is equal to the weight of a quantity of liquid which has the Sivme 
volume as the solid. Hence hy comparing the weiglit of the solid 
with the nptlirust, wc Ciin cnunparc the specific gravity of the solid 
with that of the liquid, for the volumes considered arc the same in 
each case.,, 

lu particular, if we find the upthrust on a solid of known 
weight completely immei'sed in water, wc know the weight of water 
Iiaving a viduine eqiuil to that of the solid, and can at once deduce 
the specific gi-avity of t^e solid. 

Expt. 19. Determination of Specific Gravities, using the 
Principle of Archimedes.- Tlie sj»ecific gravity of a solid or of 
a liquid may l)e <lelcnnincd with the liydrostatic balance. 

{a) Specific Gravity of a Solid (insoluble in water). — 
Susi»end the .vdid by a line thread or wire from tlie short pan 
of a hyilrostafic Uilance, or fr<aii the liook carrying the j>an of 
an ordinary balance. Counterpoise the body wlicn hanging 
freely in air, and agjiin wlicn imiiicrsed in water, su]»portiiig 
the bt'uker of water uu a .specific gravity stool if an ordinary 
balance is a-ed. Hence det4*rjiiinc the upt]iru>t, and calculate 
the s|n‘cific gravity, wliicli is tJie ratio of the weight of tlie 
bmly in air to the upthrust. 

(h) Specific Gravity of a Liquid. — Weigh a solid in air 
and in water as des^Tibed fn (a), and find the uptJirust <lue to 
the wati.*r. Then weigli the solhl in the liciuifl wJioso specific 
gravity is rcipiired, and find the upthrust due to the liquid. 
Since the volume considered is the same in each case, tlie 
BXiecific gravity of the ]i(|uid is the ratio of the upthrust 
due to the liquid to the upthrust due to water. 

(c) Specific Gravity of a Solid (soluble in water).— 
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Cli<»oso some liquid In which the solid is insoluhlt*. Dctcrinine 
th(‘ 8i)ecific gravity s of the liquid by method (4), using another 
solid (sucli as gliiss) whicliis insoluble both in water and in the 
liquid. Weigh the solid in air and in the li({uid, and find the 
iqit hruHt duetto the liquid. This is the weight of liquid having 
tin same volume as the solid. To find the weight of an equal 
volume of water we must divide tliis by «. The S2x;cific 
gra\ity of the solid ran th(*ii Ixj deduced. 

(d) Specific Gravity of a Solid less dense than 
Water, — Weigh the brsly (say wax) in air. 

As the body is less dense than water it would float on the 
surface of water. In order to find thfe upthrust when the body 
is completely immersfd in water, employ a ‘ sinker,' ^.e. a 
]»iece of metal of hiyh s|>eeific gravity, sutHciently hirge to sink 
the wax. 

First lind the weight of the metal sinker alone in water. 
By {ulding these two results we find the weight of the 
wax in air and the sinker in^water. Then attach the wax 
to the sinker and find the weight of the wux and sinker- 
together, when lx)th are in water. The difference tetween 
this result and the former is due to the vpthrust an^ the waae, 
for the sinker was in water on eiich occasion, l^newing the 
weight of the wax in air, and the u])tl^ust on ^le W'ax when 
it is immersed in water, we can at once deduce the sp^ific 
gravity of the wax. 

The following example illustrates the method of working out and 
recording the observations ; — 

Weight of wax in air 
AVcight of hrujss siukor in \\,iivr 
By addition we obtain — 

Weight of wax in air and sinker in water 
Weight of wax in water and sinker in \>ater 

Upthrust on wax iu >\ater 

Weight of an equal volume of water 

„ - Wt. of wax in aip 

S.G. of wax = 1 1 . 

W t, ot etpial vol. ol \>aler 

= 0 . 846 . 

The Principle of Archimedes inaj’ be applied conveniently in 
other experimental determinations ; some typiciil applicntions 
will now be given. 


= 3.235* gm. 

= 6.02.') gm. 

= 10»160 gnu 
--6*310 gnu 
= 10*160 - 6*310 gnu 
= 3*850 gnu 
= 3*850 gnu 

^ 3*235 
~ 3-N50* 
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E.kpt. 20. Detenniiiatloii of Volume by the Hydrostatic 
Balance. — fc>usi>end the body by means of a Hn*- wire or thi^ad 
from one arm of the balance 'and find its weight in air. Let 
this be W. 

Then find the weight of the hotly when it is completely 
immersed in water. Let this weight bo W^. 


The difference between W and Wj is duo to the upthrust of 
the fluid ou the body. By the Trinciplo of Arrliirnedes this is 
equal to the 'weight of the fluid displaced by the IkhIv, tliat is, if 
W and are in gnuns weight, 


where V denotes the volun\e of the body and D the density (mass 
per unit Tolume) of the fluid. 

In the b.G.S. system of units the mass of 1 c.c. of water is 
1 gram, so that D is unity. In this 'way the volume is determined 
in cubic centimetres. If any other liquid of known density were 
used, the volume of the immersed solid could be ohj^ined equally 
simply Sibce 


4. 


^ D ' 


ExPr. 21. ])l&tennination of the Thickness of a Plate. — 

If the body is a flat plate of area A and mean thickness f, we 
liave V=s Af, and therefore < V/A 

Weigh a plate in air and in water and thus find Y. Measure 
the length and breadth of the plate, assummg it to be 
rectangular, and determine A. 

Oviculate the mean thickness of the plate, and confirm the 
result by measurements with the micrometer screw. As the 
thickness may not 1>o uniform, measurements sliould be made 
at several different points and the mean found. 


Expt. 22. Detenuiuation of the Diameter of a Wire.— 

If the mean diameter is rf, the area of cross section is ircP/i. 

If the length of the wire is the volume is 


I*- 


V 

<p 


VtP 


nl. 


4V 
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Woigli a known length / of wire in air and in water, and thus 
dot<;rinino its volume V, 

< 'alculato tho mean diameter of the wire, and confirm the 
result by niciisureinents with the micrometer screw. 

Kxpt. 23. Determination of the Length of a tangled Piece 
of Wire. — Weigh the wire in air and in water. Calculate its 
volume from the result ; measure the diameter of tho wire with 
a micrometer screw, and hence calculate its length 1 . * 

§ 4. Hydrometers 

The Common Hydrometer is an instrument for determining 
the specific gravity of a liquid by a flotation method. It con- 
sists of a weighted bulb provided with a vertical stem. When 
placed in a liquid of suitable density, the hydrometer floats mth 
part of the stem above the surface, the condition of equilibrtom 
being that the weight of the instrument shoul4 equal the weight 
of liquid displaced/ The stem is graduated so as to indicate the 
specific gravity of the liquid. 

This is a simple method of determining rapidly the specific 
gravity of a liquid, when only approximate results are required. 
Owing to the effects of surface tension, many precautions must 
be taken if accurate results are required. 

NICHOLSON’S HYDROMETER 

Nicholson’s Hydrometer consists of a cylindrical float, prefer- 
ably with conicsd ends (Fi^ 25). Above this rises a stiff brass 
stem carrying a small scale-pan (A), while underneath the float is 
fixed a small basket (B). The basket is usually loaded with 
lead so that the instrument floats vertically, with part of the 
upper cone projecting out of tho water. A perforated cap is 
sometimes fitted so that the basket can be covered over at wilL 

Expt. 24. Determination of the Specific Gravity of a 
Solid by using Nicholson’s Hydrometer.— In using the instru- 
ment it is floated in water, and weights arc placed on the scale- 
pan A, the weights being adjusted until the hydrometer is 
immersed as far as the mark filed on the upi^r brass stem. 
It is advisable to place a slotted sheet of metal across the 
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top of the jar or cylinder containing the water, the stem sup- 
|K)rting the scalo-iMMi being in the slot, which should bo wide 
enough for the stem to move quite freely up and down. This 

sheet of metal piovciits 
the hydrometer from 
sinking into the water 
if too heavily loaded, 
thereby avoiding wet- 
ting the 8calc-j>an and 
the weights (seo Care 
of Weights, p. 17). 
It also ]»r6vent3 the 
hydrometer from com- 
ing into contact with 
tile sides of the jar. 
The weight rc<purtnl 
to sink the hydroniet(‘r 
to the mark having 
been determined (say 
gms.), the solid of 
which tlie sj>ecif5e gnivlty is n^quiivd is placed on the scale-pan 
and the w^eight now required to sink the hydrometerrfo the 

mark is determined. Let this Ixj Wj ; then the weight of the 

body in air is - AA'^^. 

Tlie IxmIv is now j>laced in the Ui.sket J5, and the hydrometer 
is sunk again to the mark by placing weights \\\^ in the pan A. 

The difference In'tween the last two cases Is due simply to the 
bfxly being in air in the one determination, and in water in tlie 
other; that is, the difference i.s due to the uj*t/irust of the water on 
the body, ib nee 

AV^ - ~ the upthrust, 

~ Weight of water having a volume 
equal to that of the wax. 

And SO— wciglit in air 

weight of tliis equal volume of water’ 

W,-W/ 

Determine the sixjcific gravity of each of two bodies, one more 
dense, the other less dense than w'ater. In the second case it will 
be necessary to tie the body into the basket if no cover is used, 
otherwise it will float to the to]) of the liquid. 

It is important to see tluit no air hubbies are entanyled with the 
hydrometer in all these experiments. 
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The determinations of 8|)cci(ic gravity made with this form of 
apparatus are not nearly so accurate as those obtained by the 
methods already described, considerable errors being intrpduc!^ by 
forces due to surface tension acting round the stem where it leaves 
the liquid ; to minimise this action the stem shpuld^be as thin as 
possible. \ 

Expt. 25. Detenninatlon of iha Bpecifle Gravity of a 
Liquid by using Nicholson's Hydrometer.— Float the hydro- 
meter in water, and determine what weight must-be added to 
sink it to the mark : let this be 

Float the hydrometer in the liquid, the specific gravity of 
which is required, and determine the weight now needed to 
sink it to the mark : let tliis be 

Weigh the hydrometer; if its weight is W, then W+W^ is 
the weight of water displaced when the hydrometer is sunk to 
the mark in water, and W + Wj is the w^eight of the liquid 
displaced when sunk to the mark in the liquid. But the 
volume displaced is the same in each case, hence 

Specific gravity of liquid ~ 

§ 5. Determination of Specific Gravities of Liquids 
BY Columns exerting Equal Pressures 

The pressure exerted by a column of liquid is independent 
of the shape of the containing vessel, if any effect due to surface 
tension bo neglected ; the pressure then depends solely on the 
vertical height of the column and its density. 

The pressure in dynes per sq. cm., exerted by a column of 
liquid of height h cm. and density D gm. per c.c., is equal to ADjr, 
g being the acceleration due to gi’avity. 

Thus, if two columns of different liquids exert equal pressures, 
the relation between their heights and densities can be expressed 
as Aj Dj, = /ig Dg, when Aj and Ag are the heights, and and Dg the 
corresponding densities of the two columns of liquid respectively. 
Hence D^/Dg ® Ag/A^. If the second liquid be water, the ratio of 
the densities is the specific gi*avity ; for Dg is then the density of 
water. Thus, the specific gravity of the liquid = Ag/Aj where Aj 
is the height of a liquid column which exerts the same pressure 
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: Ib a coldiiin of water A, cau high. Th!l property muy he use# 
for the determination ^ the specific gravity of a liquid in the; ^ 
manner. 

^ Detern^^ the Speeifio Oravity ct a 

tdqaid^hy the U-tilhe Method. — ^If two liquids do not mix, 
their specific jpavities ttay be com*' 
pared by balancing two columns^ one 
of ^ch liquid, in the sides of a 
U-tab% the heights of the columns 
being measured vertically from the 
purp§ntiM€ level of the surface of contact C, 

tlio free surfaces A and B (Fig. 26). 

If the liquids to l)e compared would 
mix together, they must 1 h) sejiarated 
by some other ]i(][uid with which 
neither mixes, such as oil or mercury, 
Xilaced in the bend of the U. In this 
Giise the quantity of the Ihiuid used 
in each tube must be adjusted until 
the level of the intervening liquid is the same in each of the 
side tubes. 

The heights of the columns are measured from the topbf the 
intervSning liquid to the free surfaces. The ratio of the sj)ccifio 
gravities of the liquids is tlie inverse ratio of the heights of the 
columns.' 


WaUr 
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The U-tube method just described has several disadvantages. 
The adjustment of the two surfaces of the intervening liquid to the 
same level demands the use of a * spirit level ’ if any accuracy is to 
be obtain^, and as this has to be used outside the tube, the accuracy 
even then is not very great. If the intervening liquid is mercury, 
a slight error in this adjustment leads to considerable errors in 
the results obtained, on account of the high density of mercury. In 
addition to this difficulty, there is also an actual error due to capil- 
larity, the surface tension of the intervening liquid being different 
on the two sides, because its surfaces are in contact with different 
liquids. 

These objections are, however, got over completely in a simple 
form of apparatus known as Hare’s Apparatus. 

Expt. 27. Determi^tion of the Specific Gravity of a 
Liquid by means of Hare’s Apparatus,*— In this apparatus 
the U*tube is inverted, the open ends of the U dipping^ 
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oivd into tMteTi the olber iitf)o ^peid||i6 ^ 

U to l)e.iott»d. li tto bend of tbe U i« fitted 
t|ibe^ and by xneane of thie a little ait is witbdxavn from Ilia" J 
bend^ the U so that a colnmn of earti liquid riset up the *i 
cdbesponding side of thi tube* . ' 

These oolumbs communicate 
in^ith the same air space at their 
top surfaces, 'virhil^^the free sur- 
faces of the lic^uids outside the 
tubes are both open to the at- 
mosphere Hence the column 
in each tube adjusts its height 
until the column above the level 
of the outside liquid exerts 
a pressure e(|ual to the differ- 
ence between the external and scoter 
internal pressures. 

Measure the heights of the 
two columns above the coi re- 
sponding external surfaces of the 
liquidSi for several different 
adjustments of tbe internal 
pressure. 

Show that the ratio of the 
heights is the aime in each case. 

Tabulate the observations so as to show in jjarallel columns 
of the table, the coriesponding heights of the liquids in the ' 
tubes, and the ratios of these heights, using the height of the 
water column as numerator in each case. The specific gravity 
of the liquid used is the mean value of this ratio, since the 
densities of the liquids aie inversely proportional to the 
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CHAPTER V 


STATIC’S 

§ L (Composition of Vkotimjs 

Physical quantiiies can he <livi<Ie<l into two "roups, Scalars and 
Vectors. 

A Vector quantity ditfers from a Scalar quantity in that it 
possesses direction as well as magnitude ; a Scalar quantity 
has magnitude only. A vector (piantity can bo represented 
by a straight lino of a definite length drawn in a definite 
direction. Two scalar quantities of the same kind are added 
together by simple addition. Two vector quantities of the same 
kind cannot, in general, be added in this way, but must be 
‘compounded* by means of the Parallelogram Law. By the 
Resultant of two vectors we undersLincl the single vector which 
would produce the same effect as the two vectors considered. 

The Principle of the Parallelogram of Vectors may be 
stated as follows : — 

If two vectors be represented in magnitude and direction 
by the two acljaeent sides of a parallelogram, the Resultant 
of those two vectors is represented in magnitude and direction 
by the diagonal of the parallelogram drawn through the point 
where those sides meet. This principle applies to all vectors, 
such as displacement, velocity, acceleration, force, etc. In the 
following discussion, the word force will generally be used, but 
it should be understood -that wherever force is printed, the 
word vector could be read, or any particular tyj^e of vector, such 
as displacement or velocity. 
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In the case of forces, i^ny unbalanced force acting on a body 
will cause it to move. Hence we have a simple method of 
detecting whether the forces acting on a body balance each other 
or not : if the body is at rest, the forces acting on the body 
constitute a balanced system. Wo may state the following 
proposition : When a body is under the action of two forces 
which are equal and opposite, the body is in equilibrliijp. 

Suppose three forces are acting on a small body at 0 and the 
body is at rest under their united action 
(Fig. 28). 

Itepresent the three forces by lines 
drawn from O, drawing the lines along 
the directions of the forces, and of 
lengths proportional to their ^c^»pective 
magnitudes : let A, H, and C be these 
lines. Ily the above proposition, the 
body 0 would ])o at rest if we remove<l 
A and B and re])Iac*<*cl them hy a sifffj/f* 
force D (shown dotted in Fig. 28) 
which is c<{iial and opposite to C, i.e, 
the action of A and B together is e<pii- 
v.alcnt to that of a single force D eoiuil 
and opposite to C, Tliis imaginary 
force 1) is the Resultant of A** and B ; 

C, the force which keeps O at rest when .V and B are acting 
also, is culled the Equillbrant of A niid B. 

It is evident that the C(piilibnint and the resultant are equal 
and opposite forces. 

Method of proving the Principle of the Parallelogram of 
Forces. — The principle of the luii'ullelograni of^foices states that if 
a parallelogram bo constructed with the lines representing forces A 
and B as adjacent sides, the rehultaut of those t^^o forces will bo 
represented in magnitude and direction by the diagonal of that 
pamllolograiii drawn from (). 

If this diagonal represents the residtaiit of A and B, it must be 
equal and opposite to the line representing C since the forces D and 
C are equal and opposite. If, therefore, the diagonal of this parallelo* 
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Pro 29.— Triangle of Forces. 


gram is found to be equal and opposite io the line representing C, 
the principle of the parallelogram of forces is demonstrated. 

Method of proving the ]hrmeiple of the Triangle of Forces. — 

The construction of the complete imrallclogram is not necessary 

to determine the magnitude 
of the resultant D. If we 
draw ob representing B in 
magnitude and direction, and 
from b draw be parallel to A 
and of length proportional to 
A, we have now drawn one- 
half the parallelogram. Join- 
ing o and c gives us the 
diagonal representing D with- 
out further construction ; thus 
by means of a triangle the 

i^uired resultant can be obtained. 

^ The principle of the triangle of forces is more usually 
expressed in the following way : If three forces having magni- 
tudes proportional to the lengths of, and directions parallel 
to, the sides of a triangle, act on a body, the body will be 
at rest under their action, provided that the arrows 
indicating their directions are in cyclic order round the 
triangle. 

Consider the triangle ohc ; the arrow indicating the direction of 
action of the force A in the side be is in the same cyclic order as 
that indicating the direction of action of B. The resultant is 
^represented by the line completing the triangle with its arrow 
opposite to this cyclic order. 

Now the same line of; w^hich represents the resultant of A and B 
will represent the force C if the arrow is pointed towards o. Under 
the action of these three forces A, B and C the body is at rest. 

This principle is proved by the experimental verification of the 
Principle of the Parallelogram of Forces. 


The principle just discussed can readily be extended to the 
case of any number of forces acting on a small body. This 
general principle, known as the Prlnelple^f the Polygon of 
Veetors, is stated as follows : If a number of forces A, B, C, D, E 
acting on a body keep the body at rest, the lines representing 
them In magnitude and direction, drawn end to end, with the 
arrows indicating the direction of the forces following each 
other in cylie order, will form a closed polygon. 
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This can be shown from the principle of the triangle of forces 
in the following way. Draw the triangle oab representing the 
forces A, B, and their resultant. Construct on the line ob a 
triangle obe such that be itipresents the force C. The line oe is 
the resultant of ob and C ; hence oc is the resultant of the three 
forces A, B, and C. 

The line ob is evidently unnecessary ; for by drawing oa^ ab, and 




Fio. 80.-*-Five Forces in Equilibrium. Fio. 31.->-Polygon of Forces. 

be as directed, oc is found, being the line closing the quadrilateral 
figure thus obtained. 

The fourth force D can be added to A, B, and C by adding 
another line to the polygon, starting from C ; and similarly any 
number of forces can be compounded by this polygon method. 
Thus to obtain the resultant of any number of forces acting 
together at a point, a figure is constructed by drawing lines 
representing the forces, end to end, with the arrows indicating 
the direction of the forces following each other in cyclic order. 

The line closing the figure with its arrow opposite to the 
cyclic order represents the resvltant of all these forces. 

The same line, with the arrow following the cyclic order, 
represents the equilibrant of all these forces. 

This is an alternative statement of the principle of the Polygon 
)f Forces. 

If the figure is already closed, the resultant force is zero, 
he body is in equilibrium under the action of the forces given. 

The order in which the forces are taken is entirely immaterial 
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APPARATUS FOR EXPERIMENTS ON FORCES 

To verify these various i)riiiciples relating to force s, a convenient 
apparatus can he constructed in the following way : — 

Round the edges of a blackboard arrange a number of light, 
frictionless pulleys, over which light strong cords (hshing-line) are 
passed (Fig. 32). These should have loops at one end, and, if 
possible, watch-chain clips at the other. The board is mounted 



vertically on the wall or on a rigid stand, or if the pulleys are 
arranged with their planes peri>endicular to the board, the board 
can lie horizontally on a table, the ends of the strings hanging 
well clear of the edges. 

Sometimes the pulleys, instead of being fixed to the edges of the 
board, are attached to capstan blocks mounted on trii)od stands. 

A light ring is used as the small body, being clii^fK^d to the cords 
by the watch-clips. 

When any forces whatever are applied through the cords, the ring 
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will move into a position of e(|uiUbrlum, and the directions of the 
various strings can be marked on the blackboard with finely pointed 
chalk, or oji a sheet of drawing-paper fixed to the board with a |iencil. 
These lines give the directions of the forces acting, and by measur- 
ing lengths along them proportional to the weights hanging from 
the other ends of tlie cords, \ve obtain lines representing the forces 
in both direction and magnitude. 

From these force lines the various propositions already stated 
can bo proved experimentally by using two, three, and larger 
numbers of forces. 

It may be noted that, on account of friction, the positi n of the 
ring when in equilibrium under a given set of forces may vary over 
a small area. To obbiin the true position, the position taken up 
should be marked, the ring disturbed, ami the new position of rest 
observed. The middle of tlie area covered by tlie positions taken 
up after several disturbances may be taken as the true position 
of equilibrium. 

Also, if the pulleys are mounted with their planes perpendicular 
to the board, they must bo free to swivel about a vertical axis so 
as to follow tlie various directions of the cord passing over them, 
'riiis introduces friction in addition to the ^friction due to turning 
about the axle, and hence the vertically mounted board is preferable. 

Expt. 28. Detennination of the Conditions of Equili- 
brium under the Action of Two Forces. — Attach two cords 
to the ring, and hang on to the cords various weights. Xote 
that the two cords always draw out into one straight line, and 
that the ring only comes to rest if the weights hanging from 
the two cords are equal. 

Expt. 29. Verification of the Principle of the Parallelo- 
gram of Forces and the Principle of the Triangle of 
Forces. — Fasten to the ring three cords \vith weights attached. 
Draw lilies representing the forces acting on the ring when in 
the position of equilibrium as already descrilxjd. 

Constrnet a pirallelogram with any two of the force lines as 
adjacent siiles and show that its diagonal is equal in length to 
the third line, and that the diagonal and this third line are in 
continuation of one another. 

Draw a triangle at the sridc of the board with two sides 
parallel to two of the forces, their lengtlis being proportional 
to these forces respectively, and the arro'ws indicating their 
directions following eacli other in cyclic order. Complete the 
triangle and show that the third side is parallel to the third 
force, and represents the magnitude of the third force ou the 



70 A TEXT-BOOK OF PRACTICAL PHYSICS w. i 

■ s' , -f 

same scale as tlie other two forces are represented by the other 
lines. 

Expt. 30. Determination of the Weight of a* Body by 
Means of the Parallelogram of Forces. — Using two known 
weights and one unknown, proceed as in Experiment 29, con- 
structing the parallelogram with the lines representing the 
known forces as adjacent sides. From the length of the 
diagonal, determine the weight of the unknown body. Verify 
this with an ordinary balance. 

Expt. 31. Verification of the Principle of the Polygon 
of Forces. — Use four or five weights and proceed as in 
Experiment 29, but cofistruct at the side of the board a figure 
consisting of lines parallel and proportional to the forces, the 
arrows indicating the directions of the forces following each 
other in cyclic order. When all the forces but one have been 
represent^, close the polygon and show tliat the closing line 
represents the remaining force in both magnitude and direction, 
provided the arrow follovrs the same cyclic order as the others. 
Do this for the same set of forces two or three times, taking 
the forces in different orders in each case so as to get polygons 
of different shapes. Show that the length of the closing line 
and its direction is entirely independent of the order in w^hich 
the other lines are taken, and tliat in every case it represents 
the remaining force. 

§ 2. Resolution of Vectors 

We have seen how two vectors acting on one body can be 
compounded into one equivalent vector. It is necessafy now to 
consider the resolution of one vector into two other vectors 
which together shall be equivalent to the original vector. 

If B and C represent two such vectors it is evident that they 
are equivalent to A, if A is represented by the diagonal of the 
parallelogram constructed on B and C (Fig. 33). 

If £ were perpendicular to would have no effect whatever 
along the line of action of G, nor would C have any effect along 
the direction of B, hence we could say that C represents the total 
effect of A along the direction of C, while S represents the total effect 
of A dong the direction of B. ^ 

B and C would in such a case be called the Resolved Parts 
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of A along their respective directions, or B and C are tlie 
Components of A along these directions (Fig. 34). 

Now B = A cos and C= A cos 0, 

therefore we may say that the fiesolved part of any force 




Fio. 33.— Resolution of Vectors. Fig. 34.— Resolved Parts of a Vector. 

aoting along a given direction, is equal to the magnitude of 
the force multiplied by the cosine of the angle between the 
direction of the force and the given direction. 


Direct verification of this principle is given in the experiment 
called the Static Inclined Plane described on p. 7 2 (Fig. 36). In this 
a mass of weight W is maintained at rest, 
on a plane inclined to the horizontal at an 
angle 0 by a force P acting along the })lane. 

Evidently the effect of (he weight W 
along the plane is only ecpial to P, since 
1* keeps the mass from moving down the 
plane under the action of its weight W. 

That is, P is ecjual to the resolved imrt 
of the weight acting ]>arallel to the plane. 

But P is showm to be equal to W sin d, 
therefore the resolved part of the weight 
‘W acting along the plane must be equal fio. ss.— iiiciine<i Plane, 

to W sin 0^ 

Now the angle between the plane and vertical is an angle 
(Fig. 35), such that </> = 90** - 6, and cos 4> - shi 0, 

W sin ^ W cos 

Thus the resolved part of W acting along the plane at au 
angle ^ to the directiou^f the weight W, is equal to W cos 
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STATIC INCLINED PLANE 

If a load W is resting on an inclined piano, it may bo 
maintained in equilibrium on the piano, or pulled without 
acceleration up the plane, by a force P acting parallel to the 
surface of the plane. The force P is much smaller than the 
weight of the body W, the value of P diminishing as the 
inclination of the plane diminishes. 

Consider the forces acting on a body of weight W, which 
is just maintained in equilibrium on a plane inclined to the 
horizontal, at an angle by a force P acting along the plane. 



Fio, 30.— Static Inclined Plane. 


We have first its weight W acting vertically downwards, secondly 
the force P acting along the plane, and in addition to these 
there is a force exerted by the plane called the reaction 11 of 
the plane. This force acts perpendicular to the surface of the 
plane, if the plane be smooth (Fig. 36). 

These three forces together keep the body at rest; their 
directions are all known, and hence if the magnitude of one 
of them is known, the other two can be determined by applying 
the principle of the triangle of forces. 

Let the line AB denote the weight W. Draw AC per- 
pendicular to the plane, Le. parallel to the reaction K, and 
BC parallel to the plane, i.e, pa,raliel to P. 
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They intersect at C; hence AC and BC represent E and 
P respectively. 

The angle CAB is equal to the angle 6 j since AC is perpen- 
dicular to the plane and AB is perpendicular to the base. Thus 


BC 

AB 


= sin 0 


But BC and AB represent P and W, 

P 

thiTcfore . • ~ = sin 0^ 


or 


P=W8ln0. 


A somewhat simpler proof is obtained if wc consider the 
energy gained by the weight when pulled up the plane, and the 
work done by P in pulling it up the pLme. 

The height of the top of the plane above the bottom is A, 
hence the weight gains an amount of potential energy = WA 
when raised to the top. 

The force P acts through a distance I in its own direction 
when pulling the weight up the plane, if I is the length of the 
plane, hence the work done hy the force is P/. 

By the principle of the conservation of energy 

energy gained = work done, 

WA = PZ, 

P = = "NV sin 0. 

The apparatus used in this experiment consists of a plane board 
hinged at its lower end, and supplied with some means of adjusting 
its inclination to several diiferent values. At the upper edge 
is usually lixed a pulley, over which a cord juisscs. To the end 
on the plane the load W is attached, while from the hanging end 
weights can bo suspended to exert the force P on the cord. In 
order to eliminate friction between the load W and the plane, W is 
usually a small roller, supi>ortcd on an axle carried by a suitable 
framework, to which framework the cord is attached. In some forms 
of apparatus the pulley and hanging weight are replaced by a spring 
balance which automatically adjusts itself to exert the required 
force P at any inclination, and P can be read off directly. 


i,e. 

or 
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The angle cai\ be measured 1)7 means of a protractor placed 
, ^th |ts cdge'a1ong.tbe horizontal b^e and its centre at the centre 
of the hinge, but it is better to have a graduated quadrant fitted 
] near the top of the plane, with a plumb-line hanging from its 
centre. If the zero line of the quadrant stands out at right angles 
. to the plane, the angle 0 is read off as the angle between the 
plumb-line and this zero line. This method is preferable to the 
first, as it is necessary to level the base by means of a spirit-level 
if the first method is used, and other errors easily creep in when 
measuring the angle A 

Expt. 31 Static Inclined Plafie.-— Apply different forces 
P over the pulley, using difierent inclinations of the plane. 
Adjust P in each case the roller moves equally freely 

%ip or domi the plane when given a slight push. This effect- 
ively gets rid of the effect of any friction at the pulley 
and enables very accurate readings to be taken. Note corre- 
sponding values of P and 0, taking five or six different 
inclinations. Tabulate your observations thus : — 


p. 

0 . 

Bin 0 . 

V 

Bill e" 






Since the same roller is used in each case, W is constant. But 
W sin d, therefore the values of P/sin 0, the quotients tabulated 
in the last column, should be constant and equal to W. The mean 
value of P/sin 9 should be equal ,to the weight of the roller quite 
accurately ; verify this by actually weighing the roller. 

If the quadrant for measuring 0 is not fitted to the apparatus 
employed, measure h and I directly, taking the same point on 
the plane each time and measuring its height above the base and 
its distance alony the from the centre of the hinge. The 
table of observations would then be arranged under the headings 

p. A, A f, p/j. 

Find the mean value of Pl/h, This should be equal to W 
measured directly. 

If the weights exerting the force P are put in a scale-pan 
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suspended from the cord, the weight of thq Scale -pan musjll W 
Included in the force P. . * 

§ 3. General Conditions for the Equilibrium of ant 
Body under any Forces 

MOMENT OF A FORCE 

The turning effect of a force about any axis is called the 
moment of the force about the given axis, and is defined as 
the product of the force and the perpendicular distance fh>m 
the axis to the line of action of the force. 

The direction of rotation, ‘clockwise^ or ‘anti-^^Iockwise,’ is 
termed the sense of the moment : it is immaterial which sense is 
chosen as positive, provided the convention made is retained 
throughout. 

If a body is acted upon by any system of forces, the body 
will remain at rest only if the two conditions given below are 
satisfied. 

1. The Resultant Force in any direction must be zero. 

2. The Resultant Moment of all the forces about any axis 

must be zero. 

Condition 1 is included implicitly in condition 2, but it is so 
important that an explicit statement is of value. ^ 

PRINCIPLE OF THE LEVER 

The first of the above conditions has been proved experi- 
mentally in considering the composition of forces; it is pur- 
posed now to demonstrate the truth of the second statement 
by experiment The simplest way to do this is by pivoting the 
body on which the forces are to act about a suitable axis called 
the fulcrum. Then the forces required to prevent the body 
from moving as a whole are introduced at the fulcrum, and 
condition 1 is satisfied without further trouble : a body pivoted 
in this way is called a lever. 

Since we cannot determine easily the force brought into action 
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at the futcrum« we can only find its mmait about (he fulcrum 
itself. The moment of any foi^e about its point of application 
is zero> hence the forces brought into action at the fulcrum 
have no moment about the fulcrum itself. Thus in considering 
the e^^uilibrium of the lever, we can leave out of consideration 
the forces brought into action at the fulcrum, so long as wc 
consider the moments about the fulcrum alone. 

The condition of equilibrium of a lever may therefore be 
stated thus ; A lever will be in equilibrium, if the moments 
of all the applied forces about the fulcrum have a zero 
resultant 


LEVERS 

A convenient apparatus for deinonstrating the principle of the 
lev(;r, and therefore vi‘ri tying the law of n\onu*nts, may be con- 
structed in the following way. A rigid framework of wood carries 



at a point near the middle of one of the uprights, a round rod of 
brass projecting horizontally. On this rod is placed a metre scale 
with holes drilled about every 2 cm. along its length, the rod 
passing through the hole at the middle of the scale. By tliis means 
the centre of gravity of the rod is at the point of support, and the 
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effect of the weight of the rod is eliminated (tsee Centres of Gravity, 

p. 80). 

Pulleys are mounted on the top bar of the framework, with cords 
passing over them. The cords can be attached to the metre scale 
at any point by means of brass hooks tied to the ends. The other 
ends of the cords carry 8ca]c*i>ans, so that various forces can be 
applied to the lever by weights placed Jn the scale-pans. Other 
8cali3-i)ans can Ihj Lung from tlie holes in the metre scale directly, so 
that the forces can be applied vertically upwards or downwards, 
or inclined at different angles to the horizontal. 

Since friction of the pulleys and at tlie fulcrum cannot be 
eliminated, tlie apparatus should 1x3 given a slight initial -velocity 
when approximately adjusted, the w’eights being adjusted finally 
until the lever turns equally freely in either direction. If one of 
the forces acts obIi(|ueIy, this slight motion given to the lever should 
not deflect it to any great extent from the horizontal position, 
otherwise the angle at which the force acts will be altered, and its 
moment aliout the fulcrum will thereby be changed. 

When the lever turns e<jually freely in either direction, the 
moments of the various forces about the fulcilim must be calcu- 
lated, and their senses noted. This is done by multiplying each 
force by the peri>enclicular distance from the fulcmm to the line of 
action of the force, positive or negative signs being prefixed accord- 
ing as the sense of the moment is clockwise or anti-clockwise. The 
moments of all the forces must then 1x3 aildcd together algebraically ; 
the sum of the moments in each case should be zero. 

Notk. — The "weights of the scale-jians must be included in each 
of the forces considered. 

Expt. 33. Levers. — Perform the experiment for each of the 
following cases, applying forces as indicated in Fig. 38: — 

Case L, frequently referred to as a lever of the first order. 

The force F causes clockwise rotation, /.e, its moment Fd 
about the fulcruiii is positive. 

The force F' causes anti-clockwisii rotation ; its moment FVf 
about tjio fulcrum is therefore negative. 

Show (algebraically) Yd + F'd' = 0. 

Example. F = 3o0 gm, d 48 cm 
Fd= +16800, 

F=750 gm. (r = 22cnu 
F'd'= -16500, 

Fd+ F'd'» 16800 - 16500-300, 

Error 2%, 
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Case II, frequently referred to as a lever of the seoond order. 

, P causes anti-clockwise rotation, ue. its moment Vd about 
the fulcrum is negative. ' 

F causes clockwise rotation, its moment Fd' about tike 
fulcrum is positive. 

Show as before F<f 

Otoe nL, generally known as a lever of the third order, 

Vd is i|iain negative, and Tif positive. 

Show Fd + FV «0. 



Flo. 38.— Levere. 


The general principle is applicable to any niim])er of forces, 
acting at any angle to the lever, as is shown in the two following 
cases. Any other sets of forces can be substituted for these, and 
the total moment about the fulcrum will in all cases be found 
to be zero. 

Case IV. 

Fd is positive. 

F'd' is negative. 

F"d'* is negative. 

Show algebraically Fd + FcT + F"d * ® 0. 
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Oase V. 

Yd is positive. 

Td' and F'cf' are both negative. ' ■> 

Show Fi+F(f+FV'»0 as before. , / J 

Enter all results fot^h of the five cases as indicated in Case 
stating an}[ ol^ved enor as a percent^ of the total 
in one dii^ion. It is advisable to loe fairly large foioes^;^.!^ 
, 200 to 300 gm. at the ends of the scale and up to 1 kgimV - 
nearer the middle. By this means the effect of the friction at 
fulcrum is made a comparatively small proportion of the acml.^l 
turning moments applied, and greater accuracy is obtained ^ 

Expt. 34. Weighing a Hetre Seale by Apidication of * 
the Principle of the Lever. — Support the metre scale at a ^ 
point about 10 cm. from one end. Hang a scale-pan from the ^ 
end hole in the short side of the scale, and adjust weights in 
the scale-pan until the scale is just balanced. The weight of ^ 
the scale acts downwards at its Centre of Gravity, i,e, at the 
middle of the scale. Let the weight of the metre scale be 
W gm. and the weight in the scale-pan (including the scale- 
pan itself) w gm, Tlie distance of the fulcrum from the 
centre of the scale being D, and from the scale-pan (/, we have 
WD = wf. 

Measure D and d and observe w. Calculate \V, the weight 
of the metre scale. 

Ilei)eat this for two or three positions of the fulcrum and 
check the result by weighing the metre scS-le on a balance. 

§ 4. Centres of Gravity ^ 

When two parallel forces act upon a rigid body they can, in 
general, be replaced by a single 
resultant force. Thus the t^vo 
forces P and Q acting at the 
points A and B are equivalent 
to a single force R = P + Q. 

^ The line of action of this 
force cuts AB in a point C such 
that 

P X AC = Q X CB. 80 .— Resultant of Parallel Forces. 

Thus the position of the point C is independent of the 
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direction of the forces. It is called the centre of the parallel 
forces. 

Similarly, when any number of parallel forces act upon a rigid 
body, their resultant passes through a cjjrtain point whose posi- 
tion does not depend on the direction of the forces. The position 
of this point — the centre of the |>arfdlel forces — is fixed when the 
inagnitudes and points of application of the forces are known. 

- All bodies are attracted towards the ccntie of the earth by 
thb force of grfivity. AVe may suppose a rigid body made up 
of particles each one of which is attmeted by the earth. We 
thus obtain a system of approximately parallel forces acting 
on the body. The centre of these parallel forces is called the 
Centre of Gravity of the body. 

Accordingly the Centre of Gravity of a body may be 
defined as that point, fixed with relation to the body, through 
which the resultant of the earth^s attraction on all the 
particles passes, whatever be the position of the body. 

When a heavy body is sujiported at a single j)oint, the only 
forces acting on the body arc its weight and the reaction at 
the point of support. If the body remain at rest, these two 
forces must be in equilibriiun, and consecpiently must have the 
same line of action.* Ileiicc the point of support must be in the 
same vertical line as the Centre of Gravity. 

Exm?. 35. Experimental Determination of the Centre of 

Gravity. — To find 
thi' Centre of Gravity 
of a body, susi)end it 
by a string attached 
to any point A and 
mark the position of 
the vertical lino AB 
( Fig. 40). The verti- 
cal may be deter- 
mined by means of 
a plumb-line. TJIen 
^ suspend the body 

Fio. 40 .~Detennlnation of Centre of Gravity. f another point 

O and mark the vertical CD. The Centre of Gravity must 
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be in AB, and also in CD, and so must be at the point of 
intersection G. 

^ Confirm this by suspending from a third point. 

The Centre of Gravity of a body depends on the distribution 
mass throughouj; the body, as can be shown in the following 
nner. The body used for this experiment consists of a 
iform plate of wood, to which may be attached a load 
xuimed by a brass nut and screw P. 



First find the Centre of Gravity of the plate alone, and 
then the Centre of Gravity wdth the load fixed to the plate. 
Eepeat the latter determination for several x>ositions of the 
load. 

Plot a graph showing. how the position of the Centre of 
Gravity varies as the lot^ is moved along the diagonal of the 
plate, taking as abscissae the distances (OP) of the load from 
the centre of the plate, and as ordinates the distance of the 
Centre of Gravity from the centre of the plate. 

It will be noticed that the Centre of Gravity of the compound 
)ody moves from the position of the Centre of Gravity of the 
>late of wood, through a distance proportional to the displace- 
nent of the brass weight from that point. The ratio of the 
veights of the brass, nut and the plate of wood is inversely 
>roportional to the ratio of the distances of their centres from 
he Centre of Gravity of the compound body. Verify this. 

§ 5. Graphic Methods of Computation 

A considerable number of quantities can be determined by 
)urely graphical, as distinct from numerical, methods. It is 

G 
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also possible to investigate by stich methods the conditions of 
equilibrium of a body or the force required to keep it in 
equilibrium. These are the methods of Graphic Statics. 

Two properties of a flat uniform liody ’ivhich are readily 
found by a simple graphical constniction are the position of the 
Centre of Gravity of a uniform plate, and the value of the 
Moment of Inertia of that plate about any axis. These 
methods not only enable the Moment of Inertia of the cross- 
section of a beam to be found, but also give a useful exercise 
on the use of the planimctcr. 

GRAPHIC METHOD OF DETERMINING THE CENTRE OF 
GRAVITY OF A UNIFORM PLATE ^ 

Consider a plate of any contour; draw at one side of it a 
line XX' and another line YY' paiallel to the first, tongential 
with the curve at the extreme point on the opposite side (Fig. 42). 

, From any point O on the 

- first lino draw a number 

- of linos radiating in dif- 
ferent directions. It is 
convenient to arrange the 
radiating lines so that 
})airs, such as OA, OC, 
intersect the contour at 
equal distances from the 

^ original line XOX'. 

Fl0.42.-Graphic Method for Centre of Gravity. Through each of thc 

points of intersection, A, B, C, etc., draw a line parallel to 
the base line XOX'. From each point A, B, C draw a line 
perpendicular to XOX', meeting YY' in points A', B', C', etc., 
respectively. 

Join OA', OB', OC'. Each of these lines cuts its corre- 
sponding parallel in some point Ap B^, Cj. Draw a curve 
passing through all the points Ap Bp Cp etc., and find the area 
of this figure and of the original plate. 
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The Centre of Gravity of the plate is at a distance h from 
XOX^ such that 

^ Area of figure etc, ^ Perpendicular distance 

Area of original figure ABC etc. between XX' and YY'. 

Proof. — C onsider a small portion of the original figure enclosed 
between the parallels AC and HD, imagining these to be quite 
close together. 



Fi<i. 43. — Proof of Graphic Method for Coiitre of Gravity. 


The corresponding area of the figure etc., construct^ 

as already descril)C(l, has the same vertical dimension, but its 
length is reduced iu the ratio of r/y, 

. Area ABCD _ y 

Area AiIVCiDj-/ 

The moment of tlxe mass of the original figure ABCD about the 
axis XOX' is equal to 

ABCD X .r, 

and thus is equal to A^BjC^D^ x y. 

Thus, for any narrow element ABCD of the original figure^ the 
moment of its mass about the axis XOX' is equal to the area of 
the corresponding element of the constructed figure multiplied by 
the distance between the lines XOX' and \ Y'. 

Now if the Centre of Gravity of the plate were a^a distance h 
from the axis XOX', the whole area of the plate multiplied by the 
hei|^t h would be equal to the sum of the products of the elemental 
areas, such as ABCD, multiplied by the corresponding distances (or) 
from the same line XOX'. 

Thus Area of plate x h = -(ABCD x x). 

Now the A'Rpn v •t* a "R r! x y, 
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^ABCDxx)-yx2A,B,C,D„ 

X Ana of coostraoted figure. 

Area of phtexAvAiea of oonstraoted figure xy, 

1 Area of ocmstracted figure Distaaoe between 

^ XX'AdYY'e 

By taking a diGTe^glit kaae linoi aay petpendicuW to ike line 
XOX,t and carrying out a similar construction, the distance hf 
from tliis second base line can be found by tbe same process, and 
l^herefore tbe exact position of tbe Centre of Gravity is known. 

Wben the plate is symmetrical about any one line, tbe 0.0. 
must of cotirse be in the axis of symmetry, and thus one con- 
struction only is required for the determination of the position 
of the Centre of Gravity. 

Expt. 36. Graphic Determinations of tlm Centre of 
G^vity. — Construct an isosceles triangle. Take its base as 
the axis XOX' and show that the Centre of Gravity of the 
triangle is one-third of the way up the triangle, using a plani- 
meter for measuring the necessary areas. Find also the posi- 
tion of *the Centre of Gravity of a semicircle. « 

GRAPHIC DETERMINATION OF THE MOMENT OF INERTIA 
* OF A UNIFORM PLATE 

(For definition of Moment of Inertia, see p. 143.) 

The construction for this determination is similar to that for 

' the determination of the 
position of the Centre of 
Gravity of a plate (j.v.). 

When the points Aj, 

Cy etc., have been found, 
lines from these points 
are drawn to YY^bieeting 
YYMn A^B^C^etc., the 
Q X* drawn 

Fto. 44.-nitpliIc Method for Moment of Inertia. P®*’^“dkldar 

These lines cut the corresponding parallels in points A^, B 2 , Cg, 

. etc* 
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Draw- the contotir A, Oj, etc., and find the area oi th^ 
figure thus obtained. 

The Monient of Inertia of the plate about the axis XOX' U 
“ equal to the area of this figure multiplied by the Bqaar»,<if fbl . 
distance betveenythe lines YY' and XX'. . • ' ’ * 

Bbook — C onsider an elemental area of the original figutt 

enclosed between two parallels very close together. 

The length of the element between is equal to 

AOx-. 

y 



fiu 45 --Proof of Graphic Method for Moment of Inertia. 


The lengtli of the element between A,C^ is e<itial to 


^ ^ y 


i.d? 



* The vertical dimension of the \arioub paiU of the element is 
unaltered. Hence 


Area of e l ement o f plate A BCD 

Area of corresponding clement of constiuctcd hgi^e jc^ A^B^C^D^ 

Now tho Moment of Inertia I of the whole plate about XOX' is 
the sum of the pioductb of tho in«iss of each element by the square 
of its distance fiom the a\i3 XOX', i.r. 

I«2ABCDxa:2. 

But ABCD X « AjBjC,D^ x 

U I » 2;ABCD X X 

or I » Aiea of constructed figure x y^. 
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Expt. 37. diniidilc Oetemlaatioa of the Koment of 
Xaertia of a Qiiedar Plate.— Dra\r a semieircle, taking its 
diameter as the axis XOX' ; find tlte Moment of Inertia of the 
semicircle about a diameter. Twice this will be the Moment 
of Inertia of a circular plate about a diameter. Show that this 
ira^ 


is equal to , w^ro a is the radius of the circle (10 cm. is a 
convenient radius to take). 


Expt. 38. Qraphic Determination of the Moment of 
Inertia of a Rectangular Plate. — Dr.iw a rectangle of lengtii 
h and breadth J (10 cm. and 13 cm. ai^e convenient lengths 
to take). Using a line across (he middle us the base line XO.K', 
find the Moment of Inertia of one half of th. rectangle about 
this line. Twice thi.s is evidently the Moment of Inertia of 
the w hole rectangle about an axis through the middle. Show 
that this is equal to 4rP/12. 

Do thi.s for the sime rectangle about an axis through the 
mhldle but jiarallel to the other j>air of sides. 


It will have been noted in the foregoing that the mass of the 
plate has not been mentioned. The contour is marked out on 
the paper and the construction deals merely with the area of 
the plate. The result obtained is what is usually known as the 
Moment of Inertia of the area about the given axis. This is 
the quantity generally re<(uired in engineering problems. If, 
how'ever, the Moment of Inertia of an actual plate of matter is 
required, it may be found from the Moment of Inertia of the 
area in the following way : — 

The Moment of Inertia of the area is numerically equal to 
the Moment of Inertia of a plate of that same shape whose 
surface density is unity. If, therefore, the Moment of Inertia 
of the area is found graphically in the foregoing manner, the 
Moment of Inertia of a plate of the same shape about a 
similar axis is found by multiplying the result thus obtained 
by the surface density of the plate, i.e. by its mass divided 
by its area. This form of result is very rarely required. 
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§ 6. Graphic Statics 

Whether a body will be in equilibrium or not under the 
action of a given system of forces can be tested by purely ' 
graphic construction. The forces can produce motion of two 
kinds : (a) translation, (h) rotation. The lirst of these will lie 
zero if there is no resultant force in any direction, the second 
will be zero if there is no resultant moment about any axis. ^ . 

The graphic construction to test for no motion of transla- 
tion is to conl3truct the polygon of foix-es. If the polygon is # 
closed, there is no resultant force in any direction, and the 
body will have no motion of translation. 

If now we can devise a graphic construction to test whether 
the resultant moment about any axis is zero, we shall have a 
complete graphic method for testing the equilibrium of a body 
under any system of forces. 

The graphic method fur testing for zero moment is known 
as the Link Polygon lor the Funicular Polygon. 

Li‘t A, B, C, D and E (Fig. 46) represent a system of forces 
acting oil a body in such a way as to produce neither translation 
nor rotation. The force polygon will be of the shape shown in full 
lines in Fig. 47, and will be a closed polygon. 

Choose some point O and draw lines from 0 to the corners 
of the force polygon, ab, be, c(/, etc. From some point P on the 
line of action of A (Fig. 46) draw PQ immllel to tlie line Oab, 

From the iioint Q, wlieixi this cuts the line of action of B, draw 
a line Qll from to C parallel to Obc, From C to D draw KS 
parallel to Oed and so on. By this means a figure will be obtained, 
shown by the dotted lines drawn between the lines of action of 
these forces A, B, C, D and E. This is called the Link Polygon 
or the Funicular Polygon, and if it is closed the forces acting on 
the body will have no turning moment on the body. The conditions 
of equilibrium of a l)ody may therefore be expressed by saying that, 
for equilibrium of any body, the force polygon must be 
closed, and the link or funicular polygon must be closed. 

If, when these polygons are constructed, they are not found to 
be closed, the line closing the force polygon must be drawn ; this 
gives the magnitude and direction of the equilibrating force. Its 
line of action is found by producing the o^hjo ends of the funicular 





Fuu 40.— liinlc PolyKon. 



Fin. 47.— Force Polygon. 


are known Already, hence the force required to maintain the whol 
body in equilibrium is determined comidetely. 


qit ITATIO^ 

^The iqoia^tude and line of action of the foie^ in the diagmin 
46} was found ^ means of these methods^' ABC and I> beii^ 
supposed known. 

For the proof of the statements made in connection with the 
funicular polygon, and for its further application^ reference must 
be made to text-b^ks of Applied Mathematics. 

Expt. 39. Oonstruction of the Force Polygon and the 
Xiink Polygon. — Hang up a light cardboard or metal plate on 
the api>aratus used for verifying the Polygon of Forces, 
suspending it by means of four cords applied at different 
pointai.and carrying weights at the other ends, arranging the 
cords over pulleys so as to act in different directions. Make 
a copy of the plate on drawing-|>a];)er on a drawing>board, 
putting in lines to represent the directions and magnitudes of 
three of the four forces acting on the body. 

Construct the force polygon and the link polygon on these 
three forces, and find the line of action and the magnitude of 
the force remiired to keep the body at rest when under the 
action of these three forces. Verify that the fourth force 
actually acting on the plate is of this magnitude, and that its 
lino of action coincides with that obtained by this graphic 
construction. 

' £kpt. 40. Graphic Determination of the Weight of a 
Plate. — As an lulditional exercise in graphic statics a heavy 
plate may be used, su})ix>rting it by three strings, so as to 
obtain three forces —acting in different directions, and applied 
at different points, but all in one plane. Determine the force 
which must be acting on the plate to keep it in equilibrium 
under these three forces ; this will be equal to the weight of 
the plate. The line of action of the force obtained graphic* 
ally must iiass vertically tlirough the centre of gravity of 
the plate. Verify these results by determining the position 
of the centre of gravity (p. 80) of the plate^ and also by 
weighing it. 


§ 7. Friction 

Whenever an attempt is made to move relatively to each 
other two bodies which are in contact, forces are introduced 
which oppose the motion. Such forces are grouped together 
generally under the title of frictional forces, thoughHhey differ 
very widely in their nature. The investigation of fluid friction 
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is generally dealt with in experiments oii viscosity and is 
beyond the range of this book. 

SOLID FRICTION 

"When two solid bodies are in contact, the forces botw’ccn 
them can be resolved, in general, into two comi)onents. Tlie 
component in the direction of the common normal may be 
called the thrust between the bodies; the other component, at 
right angles to the normal, may be called the ft*icti(Ui. When 
.an external force is applied to one of the bodies tending to 
hiove it in a direction at right angles to the n(»!inab the force 
friction is called into play and tends to prevent sli<liiig motion. 
So long as no relative motion tak(‘s ]>lace the friction just 
balances the applied force. If the aj^plied force i.s gradually 
increased, a stage will he reached at which ^sliding motion is 
just on the })oint of commencing. The fiictiou is then called 
limiting friction. 

The limiting friction between solid surfaces pressed together 
by a given source is practically imlepondent of the area of 
cotitact, provided the surfaces are not appreciably deformed by 
applying too large a force on tea) small an area. 

The friction between two solid surfaces, when motion takes 
place, is also independent of the relative velocity of the two 
surfaces. 

In the case of two soli<l surfaces in contact, the limiting 
friction between the surfaces depends sfdely on the nature and 
condition of the two surfaces and on the force pressing the two 
surfaces together. The limiting friction is proportional to the 
force i)ressing the two surfaces together, and we obtain from 
this relation the quantity known as the Coefficient of Friction 
between two surfaces. 

COEFFICIENTS OF FRICTION 

The Coefficient of Friction between two surfaces is defined 
as the force of friction, divided by the force pressing the 
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two surfaces together. Thus if the thrust, or tlie force acting 
perpendicular to the two surfaces, is h\ and the force resisting 


Nwmal Force 
F 


Retarding f 
Forces 


1 


Motion . 


Fkj. 4S. — Friction. 


their relative motion is/, the coeflicient of friction between the 
two surfaces is J] F. This is usually indicated by the symbol fj^ 
so that 


/ 


STATIC AND DYNAMIC FRICTION 

The force required to sfa/i two surfaces slipping over each , 
other when pressed together with a given force is greater than 
the force necessary to keep them moving over each other when 
once they are started. ^Ve thus have two frictional forces for 
a given force perpendicular to the faces. One of these is called 
the static Motional force, being equal to the force that has 
to be exerted to start the motion, i\e, the force exerted on each 
other by the two surfaces when at rest The other force is 
called tlie dynamic frictional force, being equal to the force 
required to keep the surfaces in steady motion over each 
other when once the motion has commenced. Corresponding 
to these two forces there >vill be two coeflTicients of friction. 
The coefficient of static friction is invariably greater than the 
coefficient of dynamic friction. 

Expt. 11. Determinations of the Coefficients of Friction 
by moving a Block over a Horizontal Table. — Adjust the 
table so that the surface is horizontal. On it place a block of 
wood or metal whose wvight has Ix'en determined. Attach a 
cord to a hook in the side of the block, and jwiss the cord over 
a pulley adjusted so that this part of the cord may be horizontal. 
To the free end of the cord attach a scale-pan on which various 
weights can be placed. 
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Fiq» 49.--Deternititttlon of Coefficient 
of Friction. 


i. Determination of the Ooeffiolent of Statio Friction. 
— ^Place a known load on the block, and adjust (he weights in 
the scale-j)an till the block just moves ; find the ratio between 

the force required to 
move the block and the 
force pressing the two 
surfaces together. This 
ratio is the coefficient of 
static friction for the pair 
of surfaces used. Repeat 
this for several different 
weights on the block, 
^ and show that the ratio is 

approximately constant. 

The force /, applied to the scale-pin, must include the 
weight of the scale-pan, and the force F, pressing the surfaces 
together, includes the weight of tlie blwk. 

Record the observations giving F, f, and jjl in tabular form. 
The mean value of /a is the coefficient of static friction. 

ii. Determination of the CoefBoient of Dynamic 
Friction. — Phvee weights on the block and adjust the weiglits 
in the scale -pan until the block continues to move without 
(tcceieradon when given a slight start. Find the ratio Ix^tween 
the force roquirod to keep the block in motion an<i the force 
pressing the two .surfaces together. This ratio is the coefticient 
of dynamic friction for the two surfaces used. Do this for 
several different weights on the block to show that the ratio is 
approximately constant ]>ut siiuilicr than the cocflicient of 
static friction already obtained. Find the mean value of the 
coefficient of dynamic friction. Enter the results as in the 
determination of the coefficient of static friction. 


By covering the table with a llat plate of brass or of zinc 
and using blocks of different materials the coefficients of friction 
between several different pairs of surfaces can be determined, 
A suitable selection, as giving fairly considerable differences 
in the values of tlie coefficients is ; wood on wood (a) with, 
(h) across the grain, zinc on zinc or brass on brass, and wood 
on brass or wood on zinc. 

It IS essential for consistent results that the surface of any 
one plate shall be in a uniform state of polish all over. If 
this is not tlie case, the experiment must be carried out so that' 
the portion of tlie lower surface moved over is always the 
same. ' This is done by marking a lino on the fixed surface 
and starting the block always from that line. 
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It is also essential that the surfaces bo in the same condi* 
lion in all the ex^jeriinents with a given pair of surfaces. If 
th© surfac^ are pressed together &fore applying the force, 
the coefficient of friction will be changed to some extent ; if 
moisture condenses on the surfaces the coefficient will be 
changed entirely. 

UMITING EQUIiaRIUM ON AN INCUNED PLANE 



When a body is resting on an inclined plane, and the angle 
$ between the plane and the horizontal is increased till the body 
is just on the point of sliding do%vn 
the plane, the force of friction as- 
sumes its limiting value. As in the 
Static Inclined Plane (p. 72), the 
force pulling the body down the 
plane is equal to the force, P, re- 
quired to keep the block at rest on 
the plane in the absence of friction. 

The force pressing the two surfiices 
together is equal to the reaction, 11, of the plane. The coefficient 
of friction, ft, is therefore P/R. 



Fio, 50.— Friction on Inclined Plane. 


Now P = W sin 0 and K = AV cos ft 


Therefore 



AVsintf 

AVcosd 


= tan ft 


Expt. 42. Determination of the Coefficients of Friction 
by means of an Inclined Plane. — Place a block of material 
on an inclined plane aiwl gradually increase the slope of the 
plane. At a certain inclination the block will slip ; note the 
angle of incHr.*iti'>n >>hen slipping takes place. 

Place weights on tlie block and mise the plane again ; note 
lh.it the block slips at approximately the same inclination as 
before. Let this angle l»o Oy 

Repeat the experiment, and find the inclination at wliich 
the block will just continue to move down the plane if given 
a slight start — do this with the block loaded and unloaded, 
and show that the inclination is the same in either case. Let 
this be 9^ The inclination required in this case is not so 
groat as that required for the block to start of its own accord 
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The coefficient of stntic friction Is tiin 0 ^ : the coefficient 
' of dynamic friction is tan (Jg. 

By facing the plane with sheets of different materials, and using 
different blocks, the coefficients of friction between several different 
8et§ of surfaces can be found in the same way. 


THE FRICTION OF A ROPE OVER A FIXED PULLEY 


When a belt or rope is stretched over a fixed, cylinder 
equilibrium can occur with unequal tensions on the two sides 
on account of the friction between the surfaces 
in contact. 

Suppose the string in Fig. 51 is just on 
the point of slipping from B towards A — 
the tension T being greater than the tension 
— then it can be shown theoretically that 
T = 



Fin. over ^vhere a IS the coefficient of friction, 0 is the 

angle ACB (Fig. 51), and 2*71828 . . . . 
e is the base of the Napierian or Hyperbolic logarithms and 
is represented by the scries 


,11 1 1 

■' 1 : 2 . 3 ■" 1 . 2 . 3.4'" 


Taking logarithms to base e of both sides of the equation 
X = we obtain 

log, T - log, Tj, + log, 
log, T - log, Tq = iiO. 

For purposes of calculation convert to logarithms to base 10 
(logio T - logjo T J log* 10=11.9. 

The value of log, 10 is 2*30258 . • or with sufficient 
accuracy for the present purpose 2-3. 

Hence the coefficient of friction is given by 

where 0 is measured in radia,ns. Note that v radians » 180^. 
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Expt. 43. Determination of the OoefBlcient of Friction 
between a Bope and a Pulley. — ^The apparatus used to 
illustrate these results consists of a metal cylinder on the 
surface of which is stretched a string or belt. , Tensions are 
applied to the ends of the string by attaching weights to them. 
It is convenient to use a known weight of say 100 goh at 
one end and to adjust the 

p 

/i* A 


0^60 




weight at the other end by 
putting weights into a scale- 
pan tied to the string. The 
w^eight of this scale -pan 
must be taken into account, 
and in some cases it may 
be necessary to take into 
account the weight of the 
6U8i)ending string. 

The ^angle of contact* for 
the string and the cylinder 
Ciin be varied by passing the 
string over a small fixed 
pulley whose position can 

fje adjusted as desired (Fig. 52). I'he fri<‘tion of this pulley 
can be neglected. 

The circumference of the cylinder may be marked off into 
a number of e(jual jiarts, corresponding say to 90% 180% 270% 
360% loO**, 540% etc. The string may then be wound round 
the cylinder so that the arc in contact corresponds with one 
of these angles. 

For any particular angle determine what weight must l»e 
placed ill the scale-jian just to start the string moving over 
the cylinder. 

Tabulate the results as follows : 


I j 

^ i 

^ <^= 270 ** / \ 

Fig. 52 .— Fiictioii l)f tween Rope and Pulley. 


Angle. 

T«*iision T. 

logic T. 

o.olo»Jio T - los^io To 

90* 

180* 

270* 

etc. 



* 


The iigurcs iu the last culunin should be constant. 


Hot two curves to show these results. 

(1) Plot the value of T - Tq as ordinate against the value of the 
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angle ^ abscissa. This will illustrate the fact that the tension , 
iucireases with the angle in the same manner as a sum of money 
put out at compound interest. 

The importance of this curve in practicsil and* in theoretical 
physics is considerable, c./y. in damped oscillations, or in Newton’s 
law of cooling (p. 356), a curve of exactly the same form is used 
to express some of the results obtaiiuHl. 

(2) Plot the value of log^^ T - logj^ T,^ as ordinate against the 
value of the angle as abscissa. The i)oints should fall on a 
straight line. 


NOTES ON THE UNITS OF FOBOE, WOBE AND POWEB 

Force 

Force may be measured either in graviuitional or in absolute 
(dynamical) units. 

The firravltational unit of force is the attractive force of 
the earth on a mass of one gnun, t.e, 1 grui.-weight. 

The dynamical unit of force is the force which, acting on a 
mass of one gmm, produces an acceleration of one cm. per sec. 
per sec. (Chap, MIL). It is called 1 dyne. 

If ^"denote the acceleration in cm. per sec. per sec. produced 
by the earth s attraction, 1 gin.-weight = y dynes. • 

Work 

Work is measured by the product of the force acting, and 
the distance moved through by the point of application in the 
direction of the force. 

The grravitational unit of work is the work done in lifting a 
mass of one gram through a vertical distance of one centimetre. 
It is called 1 firm.-cm. 

The dynamical unit of work is the w ork done when a force 
of one dyne moves its point of application through one centimetre. 
1 dyne-cra. is called ^ erg. 

A larger unit of work, the joule, is often used. 1 joule « 10 
million ergs ■•10^ ergs. 

Power 

Power is the rate of doing work. 

The gravitational unit of power is 1 gm.-om. per eeo. 

The dynamical unit of power is 1 erg per sec. 

A more convenient unit is 1 joule per sec. or 1 watt. 
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§ 1. EFFrciKXCY, F(»u(;k Ratio and VELoriTY Ratio 

Any apparatus by which work may be done as a result o; 
mechanical energy supplied is called a machine. When work ii 
done as a result of a supply of energy other than mechanical 
tbe term ‘ engine * is generally used ; wo shall limit our stud] 
her<5 to the consideration of machines. 


EFFICIEfirCY 


III any fornr of macin' rie, a certain jmrtioii only of the energ 3 
supplied is actually employed in useful work ; the remainder ii 
lost in friction inside the machine. The more ‘efficient' th< 
machine, the greater is tlie proportion of 
energy employed usefully ; we therefuie 
say that the efficiency of a machine is 
the ratio of the work usefully performed 
to the total energy supplied, i.e. 


Machine 


I |toarfV\i 


. V ork uscfullv performed , 

Efficiency = , , -J . Applied n' 

Energy supplied Force V 

A perfect machine would utilise all ! 

the energy supplied ; thus the efficiency 
of a perfect machine is denoted by 
unity. 

In any type of machine the energy is supplied by some foro 
P exerted on the machine and acting through some distance 
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Flit. 63.— Principle of a 
Machine. 
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work T}eing done, ])y the inacliinc exerting some forc<^ W, 
through a distance </., (Fig. 5S). 

When the Applied Force P moves through i distaiu'e </,, 
the energy supplied to the machine is The y 

gives the amount of work usefully ptu-formed in tlu* same time. 

Thus the Efficiency of tlie machine is given by 


Pd, 


MECHANICAL ADVANTAGE OR FORCE RATIO 


A machine is generally designed so that by ap[)lying a 
smaller force P, a load W of consideraldy greater magnitude 
can be overcome. 


The ratio 


Load overcome by Machine 
Force applied to the Machine 


is 


known as llic 


Mechanical Advantage, since it usually n‘i>resent^ a of 
forc*^. 

This is not, liowever, invariaidy tlio ca<c : a very large 
force P, acting only through a short distance, nlay be used to 
raise a .small load W through a coiisidtuable distance. In this 
case the ratio \V P is Ic.^s than unity. 

To avoid what is ]M*rhaps a misuse of the term Median ical 
Advantage in cases like this, the inoie general nann^ Force 
Ratio, suitable for all cases, is .sometimes used to iiidieatc the 
ratio AV ]\ 

Force Katio or Mechanical _ laiad overcome 

Advantage Forc(3 applie<l to Machine 


VELOCITY RATIO 

The distances moved through by the Applied Force and the 
Load are in general not equal. If the macM'ne were ])erfecty we 
should have == 

(f ti A 
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This i(h*al is, however, never realiscfl, and alvjays 
W./, < IV/,, 


i.e. 



'h 

>1.: 


Now, in general, the distances r/, and can he obtained by 
inspeelion of the nieclianisni, or by measurement of its parts ; 
even if these be enclosed, the distance corresponding with any 
given distance rf, can be measured. It is thus possible always 
to determine the ratio by simple inspection or actual 
measurement. 

The ratio djd, is the ratio of the distances moved through by 
the Applied Force and the Load in the same time ; it is, therefore, 
tlie same as the ratio of the rrlodtif's of the Applied Force and 
the Tjoad. Jiaf^ of uvrlcmj is an idea which is more important 
to an engineer tlian actual work performed, and therefore the 
study of rate of tuotion is more in aecordaiu'e with engineering 
ideas than is that of the actual distance moved. The term 
Velocity Ratio therefore is applied gen(*rally to the ratio of these 
since the wlocitics are in the same proportion as the 
distances, i e. 


Velocity Latio^ 


Distance Applied Force moves 
Distance J.oad is overcome 


Tn choosinga machine for any jairpuM*, the >ieehanical Advantage, 
or Force Uatio, rei[uired sliould be e'^tiinated, and tlie machine 
chosen slnudd have a Vclority llatio greater than tliis by an 
annnint sntlicient 1«» allow for the frictional los-^cs in the machine 
itself (si'c note, t». lO('). 


RELATION BETWEEN VELOCITY RATIO, MECHANICAL 
ADVANTAGE (OR FORCE RATIO), AND EFFICIENCY 

9 

We have seen that the Ffticioiicv can be expressed in the 
following way — 


This is convenientlv re-written as — 

W/P 
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. Useful Work Meohanieal Advantage 

Thus if the Mechanical Ach'antago of a machine is determined 
experimentally, and its Velocity Ratio by inspection or measure- 
ment, the Efficiency is obtainable m the cpiotiont of those two. 

Note. — After some experieiuv, the probable cffieieiiey of various 
ty]>es of machines can Ik* estuimUHl with fair aecurary. If the 
Velocity Ratio is determined as already descriliod, the jirobabh* 
^Icehanieal Advantage <.»£ a machine can Ih) calculated rouglily by 
the relation — * 

Mechanical Advantage == Velocity Ratio x KHicieiicy, 
and hence its ^uitubility for a given purpose t‘aii be judged. 

§ 2. DeTKUMINATION of THK EfFI< IEN('V, KTr., OF V’AKIorS 
Tvpks of Maohinks 

A few types of mechanism in common use will now be 
considcretl, together witli the way in which their 'N’eloeity Ratios 
can l)e obtained by inspection. The melhod of obtaining the 
Mechanical Advantage is practically the same for all types of 
machines. 

PULLEY BLOCKS 

The set of pull<*y blocks considered is om^ consisting of two 
blocks of three i»ulleys each (Fig. 54). The ujiper block is fixed 
to a >Kaiii, the lower blcK*k Iwiiig .suspended from the upper one 
}>y a continuous cord wliich ]>a.sse.s over each ]mlley. The one end 
A of the cord is attached to the framework of tlie upper block, 
while the other end hangs downward and is pulled by tlie applied 
force P. The load W is hung from the framework of the lower 
block. 

Exit. 44. Eflbiency of a Pair of Pulley Blocks. — ^To 

find the efficiency two determinations must be made. 

i. Determination of the Velocity Ratio by Inspec- 
tion. — If the cord is pulled down a distance dp the total length 
of cord wrapped over the pulleys from R to A is shortened by 
a distance c/j. This shortening is tak«m up equally by all the 
vertical portions of the cord between B and A, since all the 
lower pulleys move upwards together. Hence each of the 
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portions of the, cord between the upper and lower 
blocks will be shortened by an amount — since th^:firo:' 
six vertical portions. ‘ 

But the centre of the lower pulley block will be raised a 
distance equal to the shortening of each of the vertical cords, 
G will rise a distance dJ6» This 
is the distance through which the O 
load W is raised, i.e. the distance 
d. 2 -dJC}, or the Velocity Katio / 

lit! a similar way the Velocity Jja" 1 
Katio of any system of pulleys can ^ 1 

be determined easily. j 1 

ii. Experimental Determina- | 

tion of the Mechanical Advan- I 
taare. — In most types of apparatus 1 
designed for laboratory use, the ^ , ^ I 
weight of the lower pulley block is | ' 

a considerable proi>ortioii of the 1 

actual loads employed. The weight 
of the blocks used in engineering 
w^orks is, on tlie other hand, quite 
inappreciable compired with the M q 
loads lifted. ^ L i / 

If therefore the weight of the L^l 
low'er pulley block is not included \ 
ill the load, or the' part of the Vj# 

api)lied force required to raise it is tw 
not deducted from the total force yw, 54 .— Piiiiey Blocks. 

P, an erroneous idea of the practical 

elficiency of .such a system w’ould be given, the value obtained 
being too low\ 

We therefore deduct from P the force P^ required to lift 
the pulley block aloiie, or include the w’eight of the pulley 
block in W wdien calculating out the Mechanical Advantage, 
although, strictly speaking, the work dine in raising the block 
is not employed usefully. 

If the weight of the pulley block is known, the 
obvious way is to include it in the load W, and to find the 
ratio W/P, considering the pulley block as part of the load. 

If the weigrht of the pulley block is not known, find 
the force Fq required to operate the machine wdien there is no 
load hanging from the pulley block. This force P,) is evidently 
required to raise the pulley block alone. Now wdien a known 
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loiul \y is suspvndiul tlio pulley Mock, a total force Tj is 
required to raise tlio load W and the j)ulley Block ; luMiee the 
force P re<|uired to raise the known part of the load is ^dveii By 

P^ P - I‘ 

1*^ and should bo adjusted until the machine just continues 
to work when given a slight start. 

Deteniiino the Mechanical Advantage of the j)air of ]jidley 
BlfH'kvS, using live or six dillerent lomls. Arrange the oBserva- 
tions in one of the fi»ll(»wiiig way.x : — 


{it) Weight of Pulley Block known — TO gm. (say). 



Apjiiii «i 

'Inial l.oail 

w 

fliMM niitfk. 


Ulnrk, 

Wj (iji 

r. 

W. 

e 

200 

no 

270 

2- 1.5 

400 

1 ‘H> 

470 

1 2.(7 

000 

270 

070 ' 

2- (s 

8(10 

:i70 

870 1 

2-;:.5 

1000 ' 

(.50 

1070 

1 

2*0 S 


Moan of la.^t ('ulumu ~ Avj'iagc Mechaiiicul Advantage = 2- 14. 


(4) Weight of Pulley Block not known. 

F<»ri f rt ipiinMl to raist* lilo<*k aknio I’„ - tJO gm. (.say). 


l.oa'l 

i Total A|>i»1j..<1 

Foic«* n'niiiii*«l j 

w 

lioin Illfii k, 

1 Foicf, 

l<»i Lo.nl \V, 

W. 

1 IT. 

IT-1*.. 15 1 

' 

200 

j no 

so I 

2-50 

400 

1 00 

ICO i 

2-50 1 

000 

' 270 

2(0 1 

2..5() i 

800 

1 :J70 

1 SiO 

2.:ir) 

10r>0 

} 150 

\ 

1 -1-0 ! 

2.:}S 1 


feaii of la.st coliiiiiii -- Avt-rago M«*(;li.iiiical Ad vantage = 2* 15. 

NoTE.^If a .scale-pan is u.sed eitlier tr> liold the load W 
or the ai»plied force P, its weiglit inu.st he included in tlie 
corresporuling force. 

Having determined the Mechanical Advantage and tJie Velocity 
,tio of tluj .set of pulley block.s, expre.ss the Etlicieney a.s 
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^ Work Mechsiiiical Advantage 

“ Energy supplied ~ Velocity Ratio 

The Velocity Ratio is G, the Mechanical Advantage is 2*45, 

ElHciency = 0-41 = 41%. 


DIFFERENTIAL WHEEL AND AXLE 

This api)aratus is fre(|uently met with in lahoratories, and the 
‘dilterential ' principle it embodies is applied not infrequently 
in practical forms of g(‘aring; it forms therefore a siiitable tyjsj 
of machine to consider in detail. The applied force P is exerted 
on a cord which wraps round a wheel of 
large diameter (Fig. bo). The wheel is 
lixed to an axle whose diameter is different 
in two parts, and round these tAvo parts of 
the axle the two ends of another cord are 
wound in opposite directions. In the hang- 
ing looj) of tliis cord is carried a pulley 
from the framework of an Inch the load W is 
supiKirted as shoAvn in the accompanying 
sketch. The Avhole apparatus is mounted on 
a ni(»tal spindle supported on a suitable pair 
of brackets. 

J^^XPT, 45. Compound Wheel and 
Axle or Differential Wheel and Axle. 

— 4'he experiment is in tAvu parts : — 

i. Calculation of the Velocity 
' Batio. — When the cord round the large 
Avheel is pulled doAvinvards so as to 
unAvind it from the Avhoel, the apparatus 
rotates so that the other cord is avouikI 
up on the axle of large diameter but is 
AA'ound of the narroAA’er i)art of the axle. 

Consider one conqdete revolution of the apparatus. Let 
the diameter of the Avheel be A, and the diameter of the large 
and small ])ortions of the axle be b and c respectiA’ely. 

The applied force acts through a distance equal to the 
circumference of the Avheel when the ajquiratus makes one 
complete revolution, 

=z ttA. 

Tn the same time, there is a change in the length of that 
part of the other eonl Avhich hangs frtHJ of the axle. An 



Fuj. Tj. ..—Compound Wlieel 
and Axle. 
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amount equal to iri is wound up on the large part of the axle, 
hut an amount vc is wound oS the small part, so that the 
fi-ee length is actually shortened an amount — 

Trh - ire or irijj - r). 

This shortening is taken up equally on the two sides of the 
hanging loop, so that the pulley rises a distance only one-half 
the shortening of tlie loop, /.<». the load rises a distance 
*» • e), or 



The Velocity Katio is tlms 

ir\ ^ 2A 

Xote the factor 2 in the miineralor of tills expmssion. 

Measure the tlianieters of tiie wheel and the two parts of 
the axle wdth a pair of large callipers, or measure the actual 
circumferences with string anil scale or with a IlexiUc tape 
measure, and ciilculate the Velocity Hatio. 

ii. Determination of the Mechanical Advantage. — 
Determine the Mechanical Advantage as already described 
in the case of the pulley blocks, allowing for tlie weight of 
the pulley and scalc-jians a.s detailed there (Kxpt. 44). 

Calculate the value of the Etficiency of tlie aiiparatus ; this 
will probably be as high as ^^5 or 90 per cent. 

THE SCREW 

The em])lo}Tnent of a screw mechanism for various typc.s of 
machines is extremely common, esiiecially wliere a very large 
mechanical advantage is required. In practice a screw is often 
incorporated as part of a more com[)licated mechanism, though it 
is sometimes met with alone. Common examples are the .screw 
lifting-jacks used for raising the axle of a motor-car when replacing 
a tyre, or for raising any heavy weight where hand-labour alone is 
available. 

The experimental form of screw is usually fitted with a large 
diameter pulley round which a cord is wound, the cord being pulled 
by heights placed in small scale-pans hanging over small pulleys 
at the side of the apimratus as shown in Fig. 56. The large 
diameter pulley and the attendant cords arc usually replaced by a 
T-shaped htvndle in the practical forms just referred to. 



CM. VI 


MACHINES 


On tlid screw is earned a large nut fitted with a yoke which 
carries the load W. The screw is gupiK)rted at tlic lower end by 
a bearing on which it freely turns, and near the top by a collar 
through which it jusV pisses freely. 

A usual type of apparatus is illustrated 
in Fig. 56, though the framing whicli 
su[)port8 the smaller pulleys over wliich 
tlio cords pass is not sliown. Other 
forms are frequently met witli in 
laboratories. Sometimes the large 
jmlley is only pulled by one weight, 
ill other eases two eords are fitted and 
two ivciglits arc used as shown in 
tile diagram. 

Tlie second type is to be jneferred, 
as, if and P^, are eipuil, the screw 
is not pulled towards either side; if 
an unbalanced, single force is used, 
the screw is pulled to one side of 
the collar, and additional friction and 
wear are caused thereby. 

Tlie rint would tend to turn with the screw' as it revolved, 
unless suitable means were taken to prevent tliis ; a guide or a pair 
of guides must therefore lie fitted. The usual type of guide is a 
rod fixed to the main framew'ork, jiassing doivn from the collar to 
the footstep liearing, and fitting into slots cut in the nut. As the 
screw rotates, the nut cannot turn with it, l>eing prevented by the 
guides, and hence it must move along the screw thread. The load 
is thus raised or lowtued according to the direction in which the 
acreV is turned. These guides arc not shown in the diagram. 

Expt. 46. Determination of the Efficiency of a Screw. — 

If the screw is to work efficiently, it is essential to keep the 
tw'O bearings and the guides well oiled, and pmiicularly to oil 
the threcul of the screiv itself as most of the friction is between 
the screw and tlie nut. 

i. Oalculation of the Velocity Ratio. — Let the diameter 
of the pulley at the top of the screw be D. Then in one 
revolution the apjilied force (or forces) moves downwards a 
distance equal to the circumference of the pulley, i.e. consider- 
ing one revolution of the screw' — 

dj = ttD. 

Ill the same time, the screw' advances one turn in the nut, 
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ie. the nut is raiseil a distance equal to the ‘liUch* oi the 
screw. If the pitch of the screw is evidently 

the Velocity Ratio 

P 

I^Ieasure the diameter of the pulley with large Ciillii)ers, 
taking care to measure the diameter across the bottom of the 
grooves where the cords lie, or measure the circumference 
with string and a scale. Measure the pitcli of the screw by 
pressing a piece of clean paper into contact with the thread 
for some distance along the screw, aii<l measure the length of, 
sav, 20 threads. T)o not forget that the* pitch of the screw - 
the distance between two similar points on successive turns ol 
the same thread (Fig. 7). 

CVlculato the Velocity Ratio. 

ii. Determination of the Mechanical Advantage. — 
Determine the ^fcchanical Advantage as desrril»e«l in Kxpt. 1 1. 
In this cas^l*, the weight of the nut and yoke cannot be 
foiiml, as the nut is iixetl to the screw' ; it must therefore 
be allowed for by tindiiig P,, the force rcijuiivd to lift tlie nut 
ami yoke alone, and deducting this from the total force required 
when a loatl is .suspcndtMl fr(»m the yoke. 

If two cords are litted to the large diameter pulley, the 
applied force is equal to the sum of the two w'eights suspended 
from the cords. 

Find the Ffliciency of the screw'; it will Ik- found rarely to 
exceed 20 per rent even if kept w'ell oil(*(l, and may )»e as 
hnv as 7 or 8 jrt cent if the seivw' lias got rusty tli rough 
lack of care. 


WHEEL GEARING 

No account of machines w'ould be complete wdthont some 
reference to the most common of all types of gearing — gearing 
by means of toothed wheels. This type of gearing is of great 
adaptability and appeal’s in various forms in all kinds of 
machinery — in watches, motor-cars, lathes, travelling - cranes, 
etc. We shall limit ourselves to considering a simple train 
of wheel gearing, and, to avoid complication, a numerical case 
will be taken. 

Spindle A carries a large diameter drum of radius 15 cm. On 
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the sanH* sjmtkIIc, i fixed to tlie drum, is a toothed wheel with 
20 teeth. 

This engages wdtli the teeth of a wdieel mounted on B having 
80 teelli in its eircumfe'rence, so that the large w’heel on B rotates 
once for every four revolutions of A. Fixed to this large on 
B, is a small wheel witli 20 teeth which engage with the teeth on 
a large wheel on spindle C. This has 100 teeth in its circumference, 



so tliat tlie spindle C revolves onc(‘ ff>r every five revolutions of B, 
or e\ery twenty reNoliitions of A. On tlu‘ third spindle 0, is a 
small drum of radius 2-o cm., roiiiul wliieh passes the cord 
supporting the load AV, the cord being wound so that as F falls, 
W is raised. 

It is sim]>le.st in this case to consider the etVect of one revolution 
of spindle C. 

In one revolution of the load W rises a distance eijual to the 
circumference of tlic small drum, i.e, (/.,~27rx 2-5 cm. 

For every revolution of C, A revolves twenty times, and hence 
P a(?ts tlirough a distance etpial to twenty times the circumference 
of tlie large drum, i.e, = 20 x 27r x 15 cm. 

The Velocity Puitio is therefore ^ == 120. 

2— X 2»t) 

Kxvt. 47. Determination of the EfQlciency of a System 
of Wheel Gearing. — Calculate the Velocity Patio of a system 
of wheel gearing, as describt'd in the foregoing exainj>le. 
Dett'rmine experimentally its ^Mechanical Advantage as in 
JCxi>t. 44 and deduce its Efiicieney. 



108 


A mT-BOOK OF PRACT|pAli PHYSICS 


PT,l 


:The Efficiency of a wheel gear traihvde^iends Very largely on 
ilie accuracy with Avhich the teeth are cut : a well-cut set of gear 
wheids may have au efficiency of 95 per cent in a simple tniin 
such as that described. 


Note. — The terms Weight and Power aro used frequently for 
the quantities W and P dealt with in this chapter under the names 
Load and AppUed Force. The use of a general term Weiglit 
for a particular and special quantity is objectionable; the term 
‘Load' has no s^iecial scientific meaning, and its use is preferable 
to the ust^ of ‘Weight' in this connection. Tlie term ‘J*ower' 
has a deHnito and jiartieular sciontilic significance, nanK*ly the 
‘rate of doing work.' It must in )t therefon? U* used in the sensti 
of The term * Ktfort ' is iis(‘J sometimi^s to indic.itt^ th; . 

quantity P, but it is not by any meajis uiiiversully employed. 
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ELASTK^ITV 
§ 1. CJknkral Thkoky 

Whkn a foi-ce ol any kind acts on a Ixxly, the body is deformed 
to a greater or less extent. This deformation will, in general, 
disappear if the force ceases to act. The restoration takes 
place as a result of that property of the body itself, which is 
called its elasticity, 

HOOKE’S LAW 

'rho foundations of the subject were laid by Robert Boyle 
and his assistant Hooki', and the most important law connecting 
the force acting and the deformation j^i’oduced is known as 
Hooke’s Law, This may be stated as Tension is proportional 
to extension, or in more exact language, Stress is proportional 
to strain, Hooke’s Law is only true up to a certain point; if 
the stress acting on the body exceeds a certain value, the body 
will not return to its original dimensions when the stress is 
removed. The largest deformation which does not leave per- 
manent distortion is called the elastic limit of the substance. 
Up to the elastic limit, Hooke’s Law holds good to a close 
degree of approximation. 

DEFINITION OF MODULUS OF ELASTICITY— STRESS 
AND STRAIN 

In order to compare the elastic properties of different 
materials, it is necessary to obtain quantitative knowledge of 
the deformations produced by various types of forces. 
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Stress. — So fnr as the amount of deformation produced is 
concerned, tho eflect of a force is found to depend on the 
magnitude of tlio force and also on the jirca over which it is 
spread, the eflect being proportional to i\\Q force per unit area. 
Stress Is defined as the force exerted per unit area. 

Strain. — A gi\cn stress produces a deformation depending on 
the size of the body cm which it acts. Tensile stresses of c(pi:il 
magnitude acting on similar wires of different lengths vill 
produce elongations in the wires in tho same j)rop«>rti(>n as their 
lengths. The efft‘ct of a stress, then, is to i)roducc a contain 
ihforni(ifi<m pt’r unit thmvfisioit of the deformed hody. 

Strain is defined generally as the distortion per unit 
dimension, or, Strain is the fractional distortion. 

Any Modulus of Elasticity is defined as the quotient of the 
Stress acting and the Strain it produces. 

Stress 

Modulus of Elasticity = . • 

Strain 


Definitions of the Various Moduli. -1. Young’s Modulus or 
Coefficient of Tensile Elasticity. —The stress (‘(msi<lercd in this 
case is a linear tensile stress, tlu* strain being the corresponding 
elongation per unit length. 

If a tensile force F act.s on a fibre of length L and of cros.s 
section A, the tensile stre.ss exerted on tho wire is F A. If the 
whole length is elongated on amount /, the strain is / fi. Young’s 
Modulus is therefore expressed as 


E 


P/A 

xjL 


or E = 


FL 

A;ir’ 


2. Modulus of Rigidity, or Modulus of Shear Elasticity.— 
Imagine a block of material (say indiaruhber) in the form of a 
rectangular parallelepiped, fixed down at one side to ii lioi-izontal 
bed and with a plate firmly fixed to the upper hoi izontal face. 

If this plate be pulled horizontally with a force F, the whole 
Idock will he derormed so as to have the shape shown l)y dotted 
lines in Fig. 58. 

The force F ia distributed through the plate so as to act 
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uniformly over the whole of the top area A; the stress is 
therefore F/A. This is Ciillecl a Shear Stress. The top layer of 
pirtieles is displaced horizontally a distance d from its original 
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Ki'J. w'*.— Sh»*aj au'l sl«*ar Strain. 


position i-elalive tu tin* ]>article.s in the lower surface. The 
lateral displacement between two surfaces unit distance apart 
is called the Shear Strain. Thus the Shear Strain = d/D, 

The Modulus of Shear Elasticity is therefore 

E A Fi) 
d 1) </A‘ 


Note. — Only a J-oIid can posse.s.s tensile and shear elasticities, 
3. Bulk Modulus, or Coefficient of Volume Elasticity. — 
If a ])res.suie j) is iniitressed nj)on a l>ody having a volume V, 
and the resulting change of volume is r, the force applied per 
unit area is .since pressure is force per unit area ; hence the 
Stress =jK 

The Strain is given liy V, since the distortion produced 
is v, and the dimension distorted is V. 

The Bulk Modulus is therefore -- ^ • 

\ V 

It is not always possible to take a hotly initially in an 
unstressed condition, and hence a slight modification of the 
original definition of a Modulus of Elasticity is required. 

If Hookers Law is true, the Modulus of Elasticity is a constant 
property of a given material under fixed conditions. . It is 
therefore true to say that if the stress is increased, 


Increase of Stress 
Increase of Strain 


- = Modulus of Elasticity. 
Strain 
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The first of these fractions is used frequently in measuring a 
Modulus of Elasticity. 

In the case of a g^is, where Hooke’s Law does not liold good, 
we use the quotient Inerease of pressure divided by the cor- 
responding volume strain to exprei^ the Bu]|: Modulus of the 
gas in any given conditions. 

It is unnecessary to measure the Bulk Modulus of a gas, as 
it can be calculated from theoretical considerations. To measure 
it for solids or liquids presents great difficulties. We shall limit 
ourselves therefore to considering the experimental methods of 
determining Young’s Modulus and the Modulus of Rigidity. 

Note. — A Stress Is always a force per unit area and must 
be expressed in dynes per sq. cm. or other units of similar 
dimensions. A Strain is a ratio and has no dimensions. 

Stress 

A Modulus of Elasticity = therefopo expressed 

in the same units as those used for the Stress considered, i.e, 
in dynes per sq. cm. if C.O.S. units iirc used. 


- 1 . Young’s Modiolus 

YOUNG’S MODULUS FOR A MATERIAL IN THE FORA 
OF A WIRE 

The apparatus required for the exjHjriuieut eon.si.sts of two vortical 
wires with their upiKjr ends fixed close togetlier on the same sui>j»ort. 
One is stretched by a constant load whicli need not he known, wliile 
the other carries a seale-jian A, in which any desired load may be 
placed, Tlie first wire (uirries a short scale C, while on the second 
wire is mounted a vernier B which slides freely over the scale C.’ 
The two wires should be of the same material and size. 

By this method oT using two exactly similar wires, serious 
sources of error are avoided : — 

Any yielding of the {)oiiit of support when tlie load A is increased, 
will depress the scale C to the sjime extent as the vernier B is 
depressed, and hence will not Imj recorded. Similarly any change 

’ W® believe that this arrangement of the scale and vernier on two parallel 
wires originated in the Wheatstone Laboratory of King's t{)llege, Ixnuluii. 
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in the h ngth of the wire due to temperature variations is not 
rcgistcri'd, as both wires are affected equally. 

If wo maintain a steady force on one wire, and apply different 
forces to the other, any elongation due to these additional forces 
will be registered by a motion of the vernier B 
along the scale C. > 

The length of the wire and its radius may 
be measured by ordinary methods ; hence the 
elongation strain produced by a known sttess can 
be found, and the value of Young’s Modulus for 
the material determined. 

Expt. 48. Determination of Young’s 
Modulus for a Wire. — Place a load of 2 
kgni. on the scale-pan attached to the ware 
under test, to take out any slight bends in 
the wire. Note the reading of the scale C 
and the vernier B. 

Increase the load by steps of 2 kgm. to a 
maximum of 12, noting the reading for each 
load. Diminish the load by steps of 2 kgin. 
till the original load of 2 kgm. is reached, 
taking the reacling for each load again before 
it is diminished. Take tlie mean of the 
observations for each load as the actual 
reading corresponding to lliat load. 

^ If the rea(ling at the end of the cxi>eri- 
ment ditfers a|»prcciHbIy from the initial 
reading (witli 2 kgm. snsj»ended), it is pos- 
sible that the wire has been stretched lx?yond 
the elastic limit, though the change may be 
due merely to straightening, llepeat the 
observations in this case : if a further elonga- 
tion remains permanently after removing the load, the exi)eri- 
ment must be again repeated with a new wire, ai>plying a 
maximum load of not more than 8 kgm. 

Measure the diameter with great oare at sevoml points on 
tlie wire, using a mic,romcter serew gauge. The aci‘uracy of 
this mcasiiremeut is of great importance. An error of 0 01 mm. 
ill the diameter is of the order of 1 per cent, and will atfect 
the final result with an error of 2 jier cent, since the radius 
occurs to the second ]»ower. An error of 1 or 2 cm. in 
measiiriug the length of the ivire is of less importauce than 
0*01 mm. in measuring the radius. 

I 
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Measure the length of t|^e wire from the point of supi^rt 
to the zero of the vernien 

Tabulate the observations as follows : — 


Load. 

BMdings. 

% 

Mean Reading. 

Bxteiislon for an 
increase of 6 kgnu 
in mm. 

Load 

increasing. 

Load 

diminishing. 

2 kgm. 

*6 " 

® »»> 

10 „ 

12 .. 

1*13 mm. 

1- 33 .. 

1.50 

1*67 „ 

1*83 

2- 10 

1*15 mm. 
1-35 „ 

1.55 „ 

i-s: .. 

1-87 .. 

1*14 mm. 
1*34 „ 

1*53 „ 

1*67 

1.85 „ 

2-10 „ 

^(2 to 8) =0.53 
X>{4 to 10) = 0*51 
^'6 to 12) = 0-57 


Me4h exteusiuu for 6 kgni. -0*537 mnu 

s? 0*0537 fill. 

Rarlius of wire {mean of four (letenninalionM) =0*C75 nnu. 

— 0*0675 nil. 

Length of wire from su jiport to veriiier -- 250 cm. 

The Stress produced by a load of 6 kgm. susiieuded from wiiu 

Force 

~ Area of erosa beeiioii of wire’ 

The force is the weiglit of 6 kgni., i e. =6000 x 981 dynes. 

The area of cross section is ir x (0*0675)^ .sq. cm., 

%,€. Stress due to 6 kgra. = dynes per sep cm.. 

%,€. Stress = 4*01 x 10* dynes per sip cm. 

The Strain produced by the addition of a load of 6 kgm. 

__ Mea n elongation for 6 k gm. 

“ Lengtii of wire from suptHjrt to vernier 
__ 0^0537 
“ 250 ' 

=0.000215 or 2-15 x 10-^ 

Young's Modulus for the wire is therefore 

Stress 4*04 x 10* , 

Corresponding strain”" 2*15 x 10”* 

=1*88 X 10**** dynes per sq. cm. 

Plot a curve shdwing how the extension of the wire varies 
with the weight suspended from it. Show that the plotted 
points follow approximately a straight line. 
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Attention must be directed to two points in the foregoing. First, 
note the way in which the extension is worked out in the last 
column of the table. 

It is said frequently that the average elongation for, 2 kgm. 
should be taken, and this value used for determining the Modulus v 
of Elasticity. This is done by taking successive differences between 
the numbers in the last column but one, adding together these 
suGcessivo differences and taking their mean. By this method, 
however, any additional accuracy which might have accrued through 
taking six observations is lost completely, the result depending 
entirely on the first and last observations. Each of the intermediate 
observations is taken into account twice, once positively and once 
negatively, and is thus without effect on the result. If the six read- 
ings are denoted by A, B, C, D, E, and F, successive differences are 
A - 13, B - C, etc., and their mean is 

(A>-B )-f( B~C ) + . . . + (E-F)^A-F 
o 5 ' 

That the diffei*ence in the result may be considerable is shown in 
the sample set of observations given, the extension for C kgm. by 
this method being 0*576, as against 0*553 by the method shown in 
the table. 

In the method given in the table each observation is taken into 
account once only, the result therefore deixjiids on all the readings ^ 
taken and is correstKJiidingly more accurate. ' 

The second i)oiiit to which attention must be directed is con- 
cerned^ith the measurement of the length of the wire. The whole 
wire is stretched by the load on the scale-j>au A, but the extension 
measured is only that suffered by the i)art of the wire between the 
point of support and the vernier. In calculating the strain this 
length is therefore the length to be used as the denominator. 

YOUNG’S MODULUS FOR A MATERIAL IN THE FORM 
OF A BEAM 

The a 2 q)amtus required for this e\’])eriment consists of two 
knife-edges across which tlie ‘ beam ’ can be rested, a scale-pan or 
hook sui>ported from the middle of the beam, and some convenient 
method of determining the extent to which the centre of the beam 
is depressed. If the rod is very thin so that the deprdssic^, 
for (say) 1 kgm. is considerable, a metre scale placed vertical!^ 
behind the rod can be used for measuring the dejuession of the 
centre, the division ojq)Osite to the to^) or bottom face of the rod 
being observed. If the rod were fairly stiff, very large forces would 
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be required to produce a bonding which could bo measured with 
sufficient aecumcy in this >vay. It is preferable to use intKleratc 
forces and employ some more delicate method of measuring the 

depression. For this jmrjjose a 
vertical scale may be attached to 
the centre of the rod and observed 
by a fixed low-power micros(‘ope. 
Beam on two supports A6c.B As the centre of the hkI is de- 

Fio. 00, ■— Young’s Modulus for a B«irn. plCSScd, tllC SCale mo\ eS doWll- 

wards relat i vel v t o the in icroscr >pe. 
The reading of the si‘ale seen eoineident with the cross wire of llie 
microscope eye-piece is taken for various loads, and thus the dcj)res- 
siou of the centrc of the rod is measured. Or tlie scale may move 
over a fixed vernier and its depres>ion may tlms be measured with 
a fair degree of actuiracy. 

Exit. Hh Determination of Young’s Modulus for a 
Beam. — Apply various loads on the scale-j>an or hook and 
note tlic c<irresponding positituis of tla^ centre of tin* l)eani. 
Increase tlio load by ecpial amounts, taking six or eight 
observations both with increaMiig and with decreasing loads: 
the maximum load aj»piie<l should be a]>proiiching the highest 
load which the beam can carry in safety, but should not ex- 
ceed this amount. 

Tabulate your observati(»ns as iu finding Young’s Modulus 
for a Mire, and find the mean dejuession // for a load W by 
the method <lesciib(‘d therein for determining tlie elongation 
for t) kgin. 

Measure the length of the beam betMeen the knife-edges; 
also the breadth and tliickness of tin* beam. 



Lut thc>e ]m' L, /y, jiiifi (I rfsjKjrtivfly. Tln*ii il can ]»c .sliowii Wxnifnr a 
bar of rectanfjuhtr sedion^ lluj relation bftween tlic depn ssion of the centre y, 
the load W, and the diinen.sions of tlic beam is given by 

where E is Young’s Modulus for the material of the heaiii. 

Calculate Young’s Modulus from the expression 

p_ WL» 

** As an alternative method of working out tlie ohservations, the de- 
pressions 7/2* ?/»» ®t<;., of tlie centre of tlie beam corres])onding with loads 

Wi, Wo, Wo, .etc., may be obtained, and the mean of the (|uoticnts — 

Wo W F 2 

— etc., taken as the mean value for — . 
i)» V 
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Tliis is substituted for — in the expression 


(?) 


and tlie value ofE is calculated. 

AY must be (ixpr<*ssc<l in dynes, and the other quantities on the right-hand 
side of the equatiuii in centimetres. 


As additional exercises on this tyi>e of experiment the following are 
suggested : — 

Kxe r. 50. For a given load the depression of the centre of a beam 
varies directly as the cube of its length. 

This is shown by linding y for the same load when the supporting 
knife-edges are at ditfereiit distances apart. If the depressions are 
.Vi» //■>> Ihi for distances aj>art equal to L„ L.,, L,. etc., the valuer of 

should all be equal. The load must be acting at the point 

iJi Ji-j 

mhlway hetweon the knife-edges in each case. 

Mxer. 51. The stiffness of a rectangular beam varies directly as 
its breadth and directly as the cube of its thickness (depth). 

Find y for the same load exerted on the same beam with tlie knife- 
edges kept at a constant distance, but with tlie beam resting first on the 
‘jlat’ si<le and then <iu the *cdge.’ In the first case the Hat side is the 
breaiUli {h) and the edge is the deptli , tlusc quantities being 
intereliaiiged in tlie second ease. 

Show that //(/‘V has the same value in the tuo ea‘«»*s. 


YOUNG’S MODULUS FOR A CANTILEVER 

A Cantilever is a loa<k*(l beam fixed liorizontally at one end. 

Jf a eantilever has a load W susjiendetl at tin* extreme end, the 
depression // of tlie end is given by tlie equation 

4WU 

if tin* beam is of rectangular section. 


' Expt. i)'2. Determination of Young’s Modulus for a Canti- 


lever. — (’lamp one end 
of a metre s<’ale to the 
top of a table so that the 
metre scale extends hori- 
zontally about DO cm. 
beyond the table edge, 
place various loads at 




Clamp 


Table | 




Cantilever 

Via. 01.— Young's Moilulus for a Cantilever. 

the extreme end of the scale and measure the depression of 
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this eu<l for eacli of the loads applied. One < f (ho niotlKHls 
already deserilK'd for a beam on two supports may bo used for 
this measurement, jreiisure the length of tin lH.*am beyond 
the table, and als^o its breivlth and thickness. Deiluoe tin* I** 
value of Youngs MtMlubis, K, f(»r the material (usually 1 m>\- 
woikI) by means of the eipiatiuii above. 


§ 3. Modulus of Rigidity 

HODiai^S OF RIOIDifV FOR A MATERIAL IN THE FORM 
OF A CYLINDRICAL WIRE 

The Modulus of Rigidity has boon defined earlier in the 
chapter, taking the case of a block fixed at the base and sub- 
jected to a tangential shearing force F distributed over its upper 
face. It is impossible, liowever, to determine the Modulus of 
Rigidity of any material (except india-nibl)cr) in this way, us 

2rr 

Cylindrical layer 
spread out flat 


Fiu. r>2.— Twwti!i }4 a Win*. 

the deformation d produced by any practicalde force F would 
be too small to measure. 

Twisting; a Wire. — When a couple is applied to one end 
of a wire, the other end being kept fixed, the wire is twisted 
through an angle which is proportional to the twisting couple 
applied. 

The wire may be considered as consisting of a number of thin 
concentric cylindrical layers. Kach of these is in a state of 
shear when the wire is twisted. Thus a layer of particles 
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originally along AB is displaced into the dotted line ATJ, when 
the upper end is twisted through the angle 6 (Fig. 62). 

If the cylindrical layer could be spread out flat, it would 
foi*m a rc(;iangular sheet when the wire was not twisted, but its 
shape when the twist was produced would be as shown dotted 

(A'BBA'). 

The relation between the angle of twist, the dimensions of 
the wire, and the twisting couple may be expressed by saying 
that to twist a wire I cm. long and of cm. radius through an 
angle 0 radians requires a couple C, given by 

where n is the Modulus of Rigidity of the wire. 

In general, we measure the twist in degrees. Let the twist 
in the length I be </j°. 


Then 

$ radians = x 

loO 

Thus 

,, vrna*/ IT A 



or 

^=35^^- 


APPARATUS FOR DET|:RMINING THE MODULUS OF 
RIGIDITY OF A WIRE BY TWISTING IT 

The wire may be fixed cither vertically (Figs. 63 and 64) or hori- 
zontally (Fig. 65). One end A is clamped rigidly to the supporting 
framework (not completely shown), and the other, passing through a 
suitable bearing to keep it steady, is clamped to the middle of a 
pulley B. A j>ointer C on the wire moves over a scale of degrees 
mounted near to the pulley end of the wire, and by its means the 
twist </)* j)roduce(l Im that jxirt of the wire between the pointer and 
the fixed end by couples exerted on the pulley can be measured 
readily ; sometimes the scale ofgdegrees is mounted on the pulley, 
and a fixed pointer is used (Fig. 64). 

The couple applied to twist the wire is exerted by weights sus- 
pended from cords which wrap round the pulley, as shown in the 
diagrams. It is prefemble to use two equal forces, acting along 
parallel lines in opposite directions, so that there is no ‘ side pull ’ 
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on the ^viro, thoiiirh in tlu* rase wliere tlu‘ win* is lit.l' <l horizontally 
the usual nu'thoJ is to use a single foive i>nly, as sho'\ n. Tlie t*tl‘ei*t 



Fit;. 03 .— Ifoduliw of RigUHty— Fui. 64 .— MimIuIiis of 

Aeparalus with Movable Point**!. witli Fi\«*d PoiiiUr. 



of *si(lc pulP is to introduce friction hetweiiii the hearing and 
the wire, which impedes soiiiew^hat the. fVec turning of the wire 
under the twisting cou]ile. 
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Tlu! t wistiiig coiiplo i!X(;rtc(l on tlie wire by equal masses M liang- 
ing frcnn cords passing round tlie pulley of diameter D is given by 


If a single cord is used, 


a=M.7J). 


AVe li.ive seen aln*ady that 

TT^thl 

tluMvfore, considering llie case where the pulley is fitted with 
two cords carrying equal masses .M, we have 



: 16 QA/D .^M 

TT-W^ V/>", 


If a single cord is fixed to the pulley and carries the 


load .M, 

‘ 2 ' 300/ ‘ ' * 

and 

180/r/D/Ar 

iT-a^ \<P , 


Expt. 53. Determination of the Modulus of Bigidity of 
a Wire. — Note the zero reading /H the pointer C, i.e, the 
reading of the pointer on the scale of degrees when the wire is 
subjected to no twisting couple. Attach various loads to the 
cords and note the corresponding twists i>roduced. The load 
should be increased in etpial stejis up to tlie largest used. 
Jf the pulley is twisted by two cords, the locids attached to 
the cords should be equal. Take tlie readings of the angle 
of twist as the couple is being increased, and again for the 
Siiiiie values of the couple when the loads are lieing removed. 

If the observations taken witli the couple decix^asing do 
not c(UT(’sj)on(l with those taken when tlie couple W'as being 
increased, the rod has citlier Ik^cii twisted beyond the elastic 
limit, or else tlie clanqis do not gri[) tlie ro<l sufficiently firmly 
and the rod lias turii(*d a little in the clainj»s. 

These results should be discarded and a iiew’ series taken, 
using a smaller maximum load, the luaximum being reduced 
to siuii a value that the tw’o sots of readings are identical 
(w'itliiu limits of experimental error). 
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Me4a.sure the diameter of tlio pulley H, the i .idins of the 
wire twisted, and the distance AC iK'tween tlu^ fixt'd end of 
the wire and the pointer. Tabulate the ohM‘rvati()ns im 
shown below : — 


Twist ill 

IwWil *>n (♦•ai:h) Mi*aii 

I’ord (wist «;»•. iji'' 


MtMitl ' 

</» 

Length of Avirv from A to C ... cm. 

Ra<liu.> of luo.ni of 4) - // - . , , mi. 

Diameter <»f pulley li = I) = .... cm. 

If preferred, the mean value of corresponding with an increase 
in the suspende<l masses etpial to .Nf can Im*. found iti the manner 
detaileii in the determination of Young's Modulus for a wir(‘. 

Substitute the mean of M in tfie ap[»roi>riate e(piation 

given above for n and calculate the value of 
. Plot a graph showing the way in which the angle of twist 
varies, as M is increased. 


CALIBRATION OF A SPRING AND METHOD OF USING A 
CALIBRATED SPRING AS A BALANCE 

Hooke’s laiv, that tension is proportional to extension, holds 
generally, even where the strain imposed on a body is not so 
simple as the strains in the cases just considered. 

A typical case is offered by a spiral spring subjected to a 
tension along the axis of the spiral, the movement of the index 
along the scale (indicating the elongation of the spring) being 
accurately proportional to the applied force. 

The object of the present experiment is to calibrate a Spring 
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Balance ; that is, for any point on the scale to determine the 
force rc< {Hired to elongate the spring till the index is at that point. * 

ii]x 1 * 1 *. 5 ( . Calibration of a Spring Balance. — The apparatus 

employed usually consists of a frame of wood or metal to one end 
of wliich is attached the end of a spiral spring. At the other end - 
of the spring is an index which moves freely over, and just in 
contact with, a scale screwed to the frame. A small scale-pan is 
hung at the end of a cord attaclied to the end of the spring. 

Fix the frariKiwork so that the spring and scale are vertical, 
with tlie ind<.*x just touching the scale, and note the zero reading, 
/.r . the reading when no load is applierl to the spring. 

Then take a scric^s of reuilings of the position of the index 
fi)!* gradually increasing loads and tabulate the results. 

lie careful not to exceed the elastic limit ; the spring must 
never be stretched to siu-li an extent as to bring the index 
beyond the scale, for the length of the scale is usually arranged 
to give almost the maximum motion allowable. 

The results of the observations must now be plotted on 
s(iuared paper, biking tlie load as abscissa and the scale reading 
as ordinate*. The graph should be drawn on as large a scale 
as possible. 

If the strain ])e exactly j)ro})ortioual to the load, the ]>oints 
sliould lie. on a straight line. Draw a straight line passing 
between the ol)servcd points. 

The graph may now be used to determine an unknown load. 
Find the extension whicli the load produces when attached to 
the sj>ring, and read off from the graph tlie load corresponding 
to the observed scale reading. 

§ 4. The Energy of a Strained Body 

If a body is deformed by a force, the force producing the 
deformation has acted through a certain distance. A certain 
amount of work has thus been done on the body by the force ; 
this work Is stored up in the body as Strain Energy. The 
e.G.S. unit of work is the Erg, which is defined as the work ' 
done when a force of 1 dyne moves its point of application 
through 1 cm. 

When a wire is stretched I cm, by a force F dynes applied 
gently, it might appear at first sight that the force F acts through 
the whole distance /, and that therefore an amount of work equal 
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to¥l ergs should he stored in the wire due to its strained ^on<li- 
tion. Actually, however, the full force V does not act on the wire 
until the full elongation I has been produced ; it is a[)|)Iied f/rntlf/ 
to the wire, /.c. at first the major part of the force is supported 
by the experimenter, and only a small fraction is allowed to 
act on the wdre. As the wire stretches, the experimenter takes 
less and less of the force, allowing a continually increasing 
proportion to bo supported by the 'wire until eventually the 
wire supports the Avhole force and is elongated the full amount 1. 

While the force F has been acting, 
it has certaiidy <lone Jin amount of work 
e 4 ual to F/ ergs, but part of this has 
been taken by the experimenter in 
allowing the force to come into action 
gentl}', only a j)ortion of the total 
work FI having been done on the wu're. 
Actually, half the total energy Fi is 
absorbed by each. 

ConsidiT the work done by a variable 
force / whose magnitude changes with 
the displacement of its point of appli- 
cation in the manner shown in the curve (Fig. CO). This curve 
is drawn irregular of set purpose so that the result obtained 
from its consideration may be taken as true generally. 

When the point of application is at A, the fr)rce has a certain 
magnitude = AC j in moving its point of application to K, the 
force increases to a value /., ~ BD, its average value during the 
displiicement being ecpial to some rpiaiitity / (called ‘/bar*) — 



Fio. 00,— Woik done in atruiiuni; 
a 


The w'ork done in this displacement is evidently equal to 
/x AB., and is represented by ABCD, the area under the curve 
between the ordinates considered. 

The Avork done in any other displacement would similarly 
be equal to the corresj)onding area under the curve, and hence 
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the total work done by the force up to Uny displacement is 
equal to the area under the curve from the origin to the 
ordinate at the point considered, lliis rule is true for any 
force-displacement diagram, however the 
force may vaiy. 

In dealing with strains, the force 
producing an elongation is inoi)ortional 
to the elongation produced, hence the 
force-displacement curve is a straight 
line. The area under tlic curve up to 
the ordinate corresponding with any 
given displacement is triangular; its 
area is JFZ (Fig. G7). 



Elongation 


. 67.— strain Eiicrg>' in a 
Wire. 


Hence the Strain Energy in a wire when a force F causes 
an elongation / cm. is equal to \Yl 

If K rejiresents the strain energy in the wire, 


E -- A VI “ J stretching force x elongation. 

It is impossible to provt* by simple experiment that K = IFl 
in the case of an ordinary straight wire, but wdth a spiral spring 
the truth of this statement can be demonstrated without difficulty. 


The Energy stored in a spiral spring is equal to half the 
product of the force it exerts and its elongation 

Steady Application of a Force. — Allow a ina>s to hang 
from a win? sj»ring, letting its weight come into action gradually 
upon the wire ; a steady elongation is produced equal to 
The force now exerted by the spring i.s some force Fj, wliicli is 
equal to since the mass remains motionless at the end of the 
sjiring. 

AVe wisli to show that the energy jiow stored in the spring as 
Strain Energy is given by AF/^. 

Sudden Application of a Force. — Supjmse wo allow a mass Xfg 
to rest lightly at the end of a spring wliich is entirely unstrained, 
tlic ina-ss M., being siipj)orted by a small jdatform. If the ]>lat- 
form is now removed quite suddenly, the whole of the weight 
of the mass 51., comes into action on the s]»ring. As tlie spring 
stretches, the rotentinl bbiergy lost by the falling mass is juirtly 
converted into Kinetic Energy of tlie mass and partly is stored in 
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the spring as Stji'ju# Knorgy. After moving wmie iiislaiue the 
mass begins to slacken in itvS fall, and eventually ooi u's to rest 
motmufanly after falling some distance 

It now has no Kinetic Energy, and therefore at the instant 
when the mass first oomes to rest, the whi>le of the 
Potential Energry it has lost in fallingr is storod in the 
spHng as Strain Energry. 

The Potential Energy lost by the mass in falling this distance ia 
filled know, thert'foiv, that when the s])ring is .stretched a 
dis^^e /g, the amount of stniin energy stoml in the .s|)ring is 
MgSil^rgs. 

K we so adjust this mass that its sudden fall prcKluces a 
%iaximum elongation equal to that producini by a mass applied 
steadily, we can test the truth of the equation E» p7 quite easily, 
for, writing I for or tliese being equal, the energy in the spring 
(Ej) is M^/, and the tension in the spring is « Mj/a If therefore 
we have verified experimentally that the energy of a 
strain^ body elongated an amount / by a force F is equal to 

Expt. 55. Determination of the Energy of a Spiral Spring. 

— Remove the scale-pan ^ from a spiral spring. Ajijily a load 
sufficient to stretch the spring nearly to the end of the scale 
when applied gently. Note the steady elongation and the 
mass uscil, Mj. 

Adjust another Ipad, M.,, so that when it is allowed to drop 
suddenly from a |)oint where the spring is just not supporting 
it, the Jirf(( t^udden elongation of the si>ring may be equal to 
the steady elongation prcnluced by the h>ad Mj. 

Rei»eii*t tlicse observations b)r several different elongations. 

Arrange your observations in tabular form thus : — 


Eh>u^*atioi>, 

cm. 

Load letpiiiod to piodocn ir. 

r~ 

Mfj 

Ml 

(n) Applied .steadily, 
Mj gw, w‘t. 

(fj) Apldirsl Miirtdeiily, 
Ms grn. M't, 

10*3 

107 

52 

0-186 

8-1 

87 

45 

0-517 

6-5 

67 

33 

0-493 

4«.5 

47 

25 

0*532 

2-6 

27 

15 

0*555 


^ If the scale-pan is not removed, mass must be included in both M] 
and M 4 . 
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It will 1>(! found that IVMi in a])])roxiniately equal 0*5, the accuracy being 
much less with the smaller masses and clongatioiig than with the larger, 
owing to t he relatively larger value of the errors of obsei-vation. The jiossible 
errors in r<»u1ing Inung practically the same throughout, they will have a 
greater ]>roportioml value in the cases where the total quantities to be 
measured arc Rmaller. 

Tims since M^/Mi is found to he equal to 0*5 (within limits of experi- 
mental error), this exiHirimcnt verifies the statement that E = IFL 



CHAPTER Vlir 

DYNAMICS 

§ 1. Thk Laws of ^Fotion 

Up to the present we have }>fen concerned mainly with mattef 
at rest, or, when we have allowed motion to take place, we 
have studied the results of the motion rather than the nu»tion'’ 
itself. In the division of the subject known as Dynamics, 
we arc concerned with tlie motion itself, as mcU as with the 
forces producing the imition aial the mass mo\ed. 

Newton^s First Law of Motion is equivalent to a definition 
of Force as that which tends to change the state of rest or 
uniform motion of a material body. 

Practically the whole of Dynamies may be said to be an 
application, more or less direct, of Newton's Second Law of 
Motion, or a study of one or other of the quantities inenfioned 
in that law. 


NEWTON’S SECOND LAW OF MOTION 

The change in the quantity of motion possessed by a body 
when under the action of a force is proportional to the 
magnitude of the force and to the time during which it 
acts : it takes place in the direction of action of the force. 

Quantity of Motion, or Momentum. — The quantity of 
motion possessed by a body is now called the Momentum of 
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the body ; it is defined as the Mass of the body multiplied by 
Its Velocity. 

The Momentum of ;i body possesses clirectioii as well as 
inagnitinb*, i.e. Momentum is a Vector quantity. 

Tlio second law may lie rewritten as Rate of Change of 
Momentum is proportional to Force. 

AVe define our Force unit to be .sucli that Unit Force produces 
.unit rate of change of momentum, or 

Force = Rate of Change of Momentum. 

Now if a force acts on a body of constant mass the 
change is duo solely to the resulting change of Veloc 

Force = Mass x Rate of Change of Velocit 

or finally 

Force = Mass x Acceleration. 

THE PRINCIPLE OF THE CONSERVATION OF MOMENTUM 

If two bodies A and B come under the action of each other 
3 tliat the motion of B is changed due to the action of A, and 
ticc rersdy these two bodies are said to bave been in Collision : 
they need not necessarily have come into physical contact with 
each other. 

The Principle of the Conservation of Momentum states that : 
In any collision, there is, on the whole, neither gain nor loss 
of momentum. This j)rinciple can be proved by purely theo- 
retical considerations involving the use of the Thiixl I^w of 
Motion that Action and Reaction are equal and opposite. AVe 
shall deal here witli its experimental verification, limiting our- 
selves to experiments dealing with actual physical contact, and 
to bodies moving in one straight line. 

In considering the total momentum of the moving bodies, 
their dircctimis of motion as well as the magnitudes of their 
momenta must be taken into account. Thus if two bexlies arc 
moving witli velocities Cj and r., along the same straight line, 
one moving to the right and* the other to the left, one of the 

K 
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bodies lias a positive, the other a negative moment i tin, the total 
.momentum being the algebraic mm of the momenta possesKctl 
by the two bodies. It is immaterial which direction is con« 
sidered ))ositivc so long as this convention, once made, is 
adhered to during the whole of one experiment 
g Consider a collision tetween two masses and moWng 
s^ong the same straight line with velocities and resiKsctivcly. 
Their velocities after collision may be indicated by f/ and 
The principle of the conservation of momentum states that 
Total Momentum before = Total Momentum after impact, or 

in,v, + m.^V2=ilfiV/ + m,Va' ; 

the velocities being rtxkoncd iwisitive in one direction and 
negative in the other. 


THE BALLISTIC BALANCE 

An ap|>aratus which is convenient for the cx|>erini«‘nhil de- 
monstration of the principle of the conservation of momentum is 
that known by tlie name of the Ikillistic Balance (Fig. 

Two scale-pans, iisiuilly of wo(h1, arc ,su.sjM‘nded by sets of cords 




in such a way that they move over the arc of a circle of large 
radius. The suspending cords are so arranged that the .scale-|>ans 
have no motion of rotation as they swing, their upper surfaces 
remaining horizontal in all positions (Fig. 69). 

In one form, the scale-pans are ^applied with pointers which 
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inovo ov(‘i* a scale stretching horizontally across the hase of the 
apparatus, the p)inters l)cing quite clear of, hut fairly close to, 
the scale. ^ 

hiXPT. 56. The Ballistic Balance. — By placing known 
masses on the two pans, the total mass in motion can be 
altered in various ways. The masses added should always be 
placed close to the ledge which is fitted at the * front * of each 
scaleqmn, otherwi^ they will slide about when the pans collide/ 
and this will diminish the accuracy of the result. In computr 
ing the masses of the moving systems, and the masses 
of the scale-pans must be tak^n into account. 

If one scale-][»an is drawn aside through a known distance 
and then released it will return to its equilibrium position 
with a velocity that i.s projiortional to the initial horizontal 
displacement. The proof of this stateinent will Ixj given later. 

When the first scale-pan strikes the second (supposed to 
be at rest at the start) the velocity of each pan will be altered. 

It is necessary to determine the velocity of each pan after 
the blow by obsc^rving the horizontal distance through which 
it travels; the horizontal distances may indeed be taken as 
the acttial velocities in s^nne arbitrary units not s|)ecified. As 
it is impossible to watch iKjth iK)inters at the same time, it is 
nece.ssary to re])e{it each exj>eriimmt a numl>er of times, noticing 
in one set of (ixperimcnt.s the maximum liorizontal di.splace- 
ment (after collision) of the first pointer, and in the other set 
the maximum di.splacemeiit (after colli.sion) of the other : the 
initial di.sjila(^emont and the masses must of course be made 
the scime each time. 

Tabulate tJie results in the following manner 



Since tlie mass rest at first, is zero. The third 

column thii.s rei»resents the total initial momentum, and the 
tenth column + is t^ie total momentum after collision. 
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Express the difference between these columns as a pcrconfeige of 
cither, and enter this in the last column as the |)orceutage error 
of each set of observations^ 

In the typo of apparatus whore a clip is supplied whioh locks the two s<‘alo- 
j>aiis together after collision, the two move on with a eoiiiinun velocity, i.e. 
r/ = ry'. In this form the pointers can be disiH^nscd with, and the scjilc-paiis 
can be made to move a small riiler along a bar of wood to imlicatc the fust 
maximum horizontal displacement of the two masses after eollisioii. 

In this case the tabic of observations is >4>iue\vhat simplified, as is al‘<o the 
taking of the observations and ilu* experiment gein*ral!y. 


fuipat-t. 

; ■« — 


Mass, 

my. 

vowity, i 
'*• 1 

j Cniamoii 
' Ma», Wlocity, 

m-u 1 fj'. 

( mhit:<‘<I 
Monienf uni, 

, Kiror. 







The last ‘■olumn in ibis c.ise is tin* dilVcr<*iicc ln‘tw<*t'n the ihiid and sixth 
columns expressed as a pen-eiitag^* of eillu*r. 

Proof that the velocity in the equilibrium position is proportional to 
the horizontal displacement Sui»[M>ve the mass oi to he displaeed from its 
cquilihrium ixxdtioii A to a |K)iiit 11 along the arc Al» : the pf)int of support 
is the jioint O (Fig. 7U;, and the radius <if the arc isOll--U. In moving 
from 15 back to A, A loses an amount of potential energy 

It po8ses.«!e« at A a v«'loeity r in the direiHiou show n, its kinetic energy at 
A being the result of the [X)tential ♦•nergy lost from B to A, 

i,e, ' 

or V® is i)roportioiial to h. 

Now 015-=:0C2+I5C-, 

i.e. I5C2, 

w-henco 2lVi ^h? + BC®. 

Now BC is large compared with//, and to a close degree of accuracy A* can 
be neglected compared with BC^ ; A* is rarely equal to 1% of BC-. 

Hence very closely we may say that * 

BC®=2RA, 

BC® is pro(K}Ttional to A. 


or 
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Bp is the Initial homontal displacement of the mass m. 

Now BC* and are lx>th proportional to \ hence BC must l>e pro- 
portional to t), t.c. the velocity as the body passes through its efjuilibrium 
position is pro]>urtional to the original horizontal 
displacement. 

It may be shown, by reversing the proof, that 
the horizontal distance to which a body will swing 
after leaving its equilibrium position is pro|)ortional 
to the velocity it |) 0 .s^‘ssed when in its equilibrium 
position, i.c. the velocities a/trr collision are pro- 
portional to the maximum horizontal displacements 
reached after colliding. 

The im|x»rtance of ensuring that there is no 
motion of rotation of the scale-pans will be seen 
from the above proof. If thiue were motion of 
rotation, the j»otential energy at B would not 
ai)i»ear entirely as kinetic energy at A hut 

wouM j»artly exist as kinetic energy of rotation. 

Hence the .statement huv^=//itjh would be untrue and tlic [iroof would be 
iiivalhl. 

The way in which motion of rotation i.s prevented will he seen at once 
from Fig. 09. 



Fi(5. 


0.— Velocity in Ballistie 
Balance. 


§ 2. MFyrnoDs employed for the Experimental 
Vkrifica'I’ion of the Second Law of Motion 

If a body move with a constant acceleration a, the diaiance 
through which it moves in a time t is given by the equation 

w here v^^ is the initial velocity of the body. 

If the body is initially at rest, is zero and W'e have 

when the initial velocity is zero. 

The velocity at the end of any time i is given by 

v=Vo+af, 

which reduces to 

y -- at^ when the initial velocity is zero. 

These equations arc absolute they are derived from the 
definitions of the various quantities involved, and cannot he 
verified by experiment. They may be used to determine w’hether 
a body is moving with uniform acceleration or not. Thus, 



if the distance $ moved over by a body ia time t starting^l^K;^/ 
rest obeys the law " ■ ’ 

s 

^ = a constant^ 

that body is moving with uiiiform acceleration, and the value of 
the accclenvtion is fmce the value of the constant obtjiinod, for 

2s 


WEIGHT AND MASS 


As an example of tlie use of these equations, the ease of a 
body falling freely under its own weight may be biken. Any 
iKxiy if allowed to drop quite freely towanls the earth will 
describe in a time t from the start a distance .s* which is pro- 
portional to Thus i*i the first second it will fall 5 metres 
approximately, while in the first two seconds it falls 20 metres. 
Thus = 5 approximately for any hotly falling freely under its 
own weight, starting from rest, ie, the aeceleration due to 
gravity is the same for all bodies and is equal approximately 
to 10 metres per .sec. per sec. — more accurately this acceleration 
is 9’81 metres per sec. pyr sec. in the British Isles. 

Now from the second law of motion wo define the unit of 
force ill the C.Cf.S. system to be such that 

Force in dynes = Mass in gm. x Acceleration produced (in 
cm. per sec. per sec.). 

If we denote the accelenitioii due to gravity by the symbol 
g, in cm. per sec. per sec. when dealing with 0.(1. S. quantities, 
have 


Force in dynes acting on) 
a body when falling freely/ 


’^fass in gm. x g. 


Now the force in dynes acting on a falling ])ody is its 
Weight. Hence 


The Weight | Tllie Mass of | 

of a body in j' = •! the body in r x 
dynes j Igm. j 


/The acceleration duo to 
'! gravity in cm. per sec, 
Iper sec. 
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, If W indicate the weight in dynes, of a bc^y having a Site 
m gm., wurhave 

V/^ag. 

g being 981 cm. per sec. per sec. in the British Isles. 

The simplest way of obtaining a uniform force is by suspending 
known masses from light cords, passing the cords over pulleys in 
order to direct the action of the force in any desired direction. 
The force acting along the cord in dynes is equal to the mass of 
the suspended bod\' in gm. multiplied by the acceleration due 
to gravity in cm. per sec. per sec. 

S .*1. Expekimknts to illustrate the Second Law of 
Motion 

FLETCHER’S TROLLEY APPARATUS 

III this aiqiaratuh (Fig. 71), a trolley Is mounted on very light 
wheels NO as to move in an almost frictionles> manner along a hori- 
zontal tabh'. To it i.s attached a cord which, passing o\er a pulley 



mounted at the edge of the table, carriob a small smspended mass. 
By hanging different inas-H's from the cord, the trolley caii l>e sul>- 
jected to various forces, and its motion under these forces can be 
studied; the mass moved can also be varied by placing known 
masses in the holes in the side of the trolley. 

The method of recording the distance moved through, and the 
time taken for this motion, is interesting. A long spring is mounted 
in a firm clamp and carries a light brush at the free end. Fixed 
on the trolley is a sheet of paper which is touched lightly by the 
brush. When the trolley is set in motion, the some mechanism 
which releases it sets the long spring in vibration, and a wavy trace 
is drawn on the paper, the brush having been moistened with 
ink. 
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The time taken to make a complete vibration is constant for 
the spring, aiul therefore the numbcT of complete vibrations made 
between two given points may l>e taken tis a measure of the time 
taken to move from one p(nnt to the otlu r. 

Hy taking the distances travelled from the start, during the lime 
taken to make ditferent numlH?rs of vilaations, it is possible to iind 
from the wavy trace if the relation s is constant. 

The Mass moved is the sum of the masses of the tmiley, cord, 
and Jiaiiging mass, togetlier with a small ipiantity which may l»e 
called the at of the jtuUt i/, and another small (juaiitity, 

the etjuivalent mass of the wlieels. The trollt y is usually sidliciently 
massivjg for these other nuisst*s to Ik* neglecte<l. 

The Force acting is evidently tht‘ weight of the hanging 
mass, jilus the weight of that part of the cord which is hanging 
over the pulley. In order to i educe the ernn* due to the weight ol 
the cord, an extremely line, strong lim* (tishing-Jine) should be 
useil, so that its weight is negligible compar(‘d with that of the 
hanging mass. Its etlect may Iv allowed for, if necessary, by adding 
to the W’eight of tlie suspended mass a quantity equal to the weight 
of the (ivnutifH length of tlie cord hanging lH‘yond the |nilley. 

The Acceleration produced.- 1‘hc (piotient s/V- will be found 
constant, therefor* the trolley is moving with constant acceleratioUj 
the value of tliis acceleration })eing 2s t-. 

If only rehitire valiu m are r(M|uired, the units in W'hich the time 
is measured may l»c taken as the time for one vibration of tlie 
spring. 

For nhsolute results, the p(‘rirul of vibration (»f the s]>ring must 
be known in onler tliat the accelerations may be calculated iu eni. 
per sec. jier sec. 

The jwriod of vibration is usually .stam]>cd on the spring, having 
been deU;rmiiied by the maker of the apparatus, and tijis marked 
l)eriod may be used for tliis imriK-ise. TJie spring seldom makes a 
suffieieiit niimV)er f)f vibiations for the ]Hiriod to be che(!ked by sinqile 
means, and the calibration niad<* by tlie maker has to be accejded : 
this constitutes a serious drawliack to tliis method of timing w'hen 
fxJbiolate results are reqiiiriid. 


Experiments with Fletcher’s Trolley Apparatus 

Expt. 57. Acceleration is proportional to Force. — Fi.v a 
sheet of pa[)er on the trolley and attach small mass(‘s lO, 20, 
30, 40 gill., etc., to the cord, ^ditaining traces for the motion 
of the trolley under the action of each force. It is interesting 
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to got all the trac(‘S on the aame sheet of paper, starting from 
the same point in ciicli case. 

The mass moved is approximately the same in each 
case, Ixiing altered only }>y the change in the lianging mass. 

The forces acting are proportional to the hanging 
masses in the various cjises. 

Show (ft) that the distances travelled in equal times are 
proportional to the susjiended masses ; (0) that for each case 
2s is a constant, and that the values of the constants in the 
difterent oises are proportional to tl)e su.si»en(led masses used. 

Friction Correction. — It is necessiiry to eliminate or 
neutralise the friction forces if accuracy is to be obtain^fl. To 
do this a small mass is suspended from the cord, and adjusted 
until the trolley just continues to move when once started. 
The weight of this small mass is then just sufficient to over- 
come the friction of the appamtus for the iKirtlcular If/cid on 
the troUei/, A piece of copper wire is a very convenient form 
of ‘ friction rider ’ ; it should be twisted to the cord and cut to 
the re<piire(l length with wire-cutters. 

Expt. 5s. The Acceleration under a given Force is 
Inversely proportional to the Mass moved. — Using the 
same hanging mass each time, place ditferent masses on the 
trolley, o])taining separate traces for eacli mass used. Calculate 
the value for the accelenition of eacli mass when under the 
action of this constant force, and show that 

Mass moved x Acceleration 

is consbint ; ie. For a given force, acceleiation is inversely 
proportional to the mass moved. 

Fn this experiment the equivalent masses of the i»ulley and 
wheels may be included if known, though, in general, they 
may be neglected. 

Let M = mass of trolley and load placed on it^ 
m --=mass of hanging eight, 

.r - - ecpii valent mass of pulley, 
and // -= e<iuivalent mass of wheels. 

Total mass moved is taken as (M + m +jr + j/), 

Notk. — It is possible to calculate a value for the acceleration 
due to gravity from the observations already maile, provided the 
acceleration has been calculated in cm. per sec. per sec. Thus 
ill any case taken, wi</ = (M4-w since the /mv is 

the weight of the lianging mass ; hence // can be calculated. 
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The method is not, howevefi a good one for this purpose on 
account of the fact that the (|uantities x and y arc not accurately 
known, and also on account of the difficulty in measuring t already 
discussed. 

Another method of using the ap|)aratuH is to i>lace the trolley 
oil a ]danc inclined at aa angle ti to the hori/outal. In this 
c^use the force tending to pnHlucc iiintioii along the plane is 
w(f - + i/)tr sin 


ATWOOD*S MACHINE 

This is an apparatus inoie widely known than Fletcher's 
Trolley Ajiparatus, and one of great histoiic inten‘st. Pb was 
designed hy Atwood (I74d-1807), a famous English mathe- 
matician, for the puiposc of illustrating the laws of motion, 
and for the determination of tiie acceleration due to gravity. 
In it, the weight of a small rider is compelled to move two 
much larger masses wliich, suspended at opposite ends of a cord 
moving over a pulley, counterpoise each other exactly. The 
weight of the small rider causes only a very small acceleration 
in the moving masses, since the total mass set in motion is 
large. Hence this acceleration can he measured with much 
greater accuracy tlian the acceleration the rider woTild have if 
falling freely alone. 

Atwood’s Machine: Pillar Type, — Tht* two equal masses 
and 15 are suspended from a cord. ’J’he cord jiasscs over a pulley 
W sup|K)rted cm line biMi-irigs at the top of a pillar from 2 to 2-5 
metres in length. Attai-hed lieneath A and H there may he a com- 
jicnsating cord of the same t) t»e as the susiieiiding eord ; this keeps 
the masses of string on tlie two sides of the mac'liim^ accurately 
balanced whatever the jiositioiis of the masses A and B : it is, how- 
ever, inconvenient in practice, and is rarely used. The mass A 
carries a small rider which can Ije slipiied on ovct the string, so 
tliat the only unlialanced force in the whole system is the weight 
of this small rider. * 

To perform the experiment, B is fixed lightly in the clit), so that 
the tftp of A is level with a knewn mark on the scale. The rinl^ 0 
is adjusted to some convenient distance below this zero position of 
A, so that A will traverse a known distance under the action of the 
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weight of the rider. A 8toi>-watch is started aud simultaneotisly 
the clip is 0{)ciicd, thereby releasing B with no initial velocity. 
When the rider on A is heard to strike the ring C, the watch 
is stopped, and thus. the time t required 
to traverse a known distance's is deter- 
mined. 

Another method of making the expori- 
iiHUit is to use a metronome, and to adjust 
the distance so that the time of fall occupies 
an exact number of beats of the metronoim*. 

In some forms of inacliine a pneumatic 
ase is litted to the clip; in others the 
clip is replaced by a small elcctrrmiagnct, 
and tin* mass B is lu^ld magneticall}, iron 
masses (A and B) being used. All t\p(‘S of 
release aie ecpmlly g^jod j>rovi<led B is le- 
leased w'ithout any vertical moti(»n, though 
.simi>licity in use and construction is gt'iier- 
ally associated with certainty of action, aud 
therefore is to bo recommended. 

Experiments with Atwood's Machine 

Kxpt. no. A Body moving under 
the Action of a Uniform Force moves 
with Uniform Acceleration. — i'lace a 
.small piece of c(»ppcr wire on the ma^s 
A, adjusting its si/e so that the ma>''e'' 
just continue in motion luitfumt vflttr 
rider when gently started. Then tlie 
weight of this ]m*ce of coj>per wuie 
just o\ercome.s the friction of the 
machine — it is called the ‘friction 
rider’ and is kept on A all the time. 

Adjust the ring C to ditferent posi- ^ 
tions, so that the masses move through 
distances of 50, 100, 150, and 200 cm. under the action of 
the various riders. 

Find the times taken for the nuisses to move through these 
various aistaiices, when under the action of lidors of dillei-ent 
wxights (say 2 gm., 4 gm., 6 gm., etc.). At least three values 
• o/t should he taken for each distatr'ef and eaeh rider^ used. 

Find the (quotients 2slt^ for each set of observations, and 
show' that for a y i ven rider t^ is constant. 



— Atwools Machine : 
1*1 liar l’>pe. 
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That is, when acted on by a constant force? a mass moves 
with uniform aocclomtiom 

Arrange the observations as in the following table 


Mus.s of UKi.'r lu-'Otl. 

distance 

Tifht* t. 

/a’ 

2 gill, ridor . 

.'>0 

U>0 

: .’lU 

200 



4 grn. iid» r . 

r.o 

100 

].**0 

200 

\ 

1 

d gin. ri<l«*r . 

• if iisul 

.'0 

lOi) 

laO 

200 


1 

i 

1 


J 


Altai! aoi'cliTa* 
lion with 
U ritliT 


Abaii aec!’ It* ra- 
ti on with 
1 ;;ni. rider 

.... 


Mean aet'i'lera- 
litm \\itli 
t> gm. lultr 

.... 


It bo found tliat tin* .sets of tigiires in the la.st (‘olumn 

will a[H)rt)xiiiiatt; to a eon.slant value for 1 ‘aeli of tlie riders, 
the value of the cuustaiit increasing as the mass of the rider is 
increased. 

lOxpT. tiO. Acceleration is proportional to the Force 
acting. — Tlii.s ean lie shown without further experiment from 
the results in the foregoing table. The total mass inoveil by' 
any of tlie riders is [tractieally the same, tlilfering only by the 
small ditierenee.s between the masses of the riders tliemselves. 
Thus if the aeeeleratioii })rodue**d in a mass is })r<)j>f)rtional to 
the magnitude of the fon*e acting on the mass, the accelerations 
rtj, tty, should be in tlie s;ime jnoportions as the masses of 
the riders used, i.e. proportional to li, 4, G, etc., in the case 
eoasidered. 

Expt. 61 . Acceleration for a Given Force is inversely 
proportional to Mass. — By using pairs of masses A and li of 
different size-s, it is j»fjssible to .show that a given force pro- 
duces acceleration inversely proportional to the ina.ss on which 
it acts. 

This is done by finding from measurements of and t the 
acceleration produced in different jiairs of masses, when they 
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move tindbr the action of the same rider. The products 
(Total mass moved x acceleration) should he constant. 

It is necessary in this case to know the value of the 
* equivalent * mass of the pulley. 

The total mass moved in any one case is given 
(2M + m + j) gill, (see below). 

Ex^pt. G2. Acceleration due to Gravity. — (i.) Assumingr 
the value of the equivalent mass of the pulley and cord. 


Let tlie mass of each of the masses 
^ A and M gm. 

Jjet tJje mass of llie rider m gin. 

Let tlic eijui valent mass of tlie 
jmlley (and coni) =a gm. 

Lt;t the acceleration produced =« cm. per sec. per sec 

Then Force acting -AVt. of rider--///// dynes, 

Mass moved -- + /// + .c) gm. 

Force = Ara>s x Acceleration. 


Therofon? unj ( 2M + /// + j 

from \Nhieh y can be determined. 

(\ilculate // from the std'i of observations for oaeh of the 
riders used in Fxj»eriiiient op. 

(ii.) Calculation of a value of the acceleration due to 
gravity, eliminating the equivalent mass of the pulley. 


If tlio same rider is use«l tor ditferent pairs ()f masses A and 
P>, the value of y can bo ealeulated without assuming the 
equivalent mass of the ])ulley to be known. 

Thus if the acceleration produced with a pair of masses 
each equal to M' is and the aeooleration produced by the 
same rider on a jiair of masses each equal to M " is a \ then 


?ny — (‘2M' + fii + ,r)a' \ 
and m(/ = (2.M" + ?n + 


being unknown, 


whence 


W ii'i 


2(M'-M"). 


Calculate y, using the values of o' ami o" corresponding 
with the ditferent masses used in Experiment 61. 


The instrument was designed originally for the determination 
of y, the accurate pendulum methods of Kater having not 
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thou been iiiveiitoil. Its main use nowadays demonstrate 
the laws of motion, dotorminationa of y by its mojiua being of 
a relatively low order of accuracy though possessing historic 
interest. 


Atwood’s Machine : Ribbon Pattern.— In this ai)i)amtu8 
the equal masses arc susixmdcd by a ])ai)er 
ribbon which jnissea* over the flat rim of the 
pulley. A comi>en.sating ribbon is attached 
below the niaases as in Fig. 73, A steel 
spring is flxed at one end and at the other 
carries a fine bru-di, charged with ink, which 
marks the pa|xT at tlie top of the jailley. 
A sinqdo ndoast' st'ts free the spring and 
tile moving niassi‘s siiimltanemisly. J^aeh 
wa\e tracfd on lln? rild»ou represents a 
known jH*ri<Hl of time. 

The Sana* tjpe of experiment cun 1 h^ 
perfonnetl with this form as with the pillar 
lurm of machine, taking tin* di>tam‘es and 
I ^ H times jis nrorded on the ribbon. The 

valiK* of the aeeelerati(*n in each case can 
be obtained fr»>m tin; wavy trai-e, as 
already exjdaiiied in Fletclier’s Trolliy 
i\]»jHiratu>. 

(’arry ont ex[H'rimfnts (‘xaetly as with 
tlie pillar ty|»e of machine, using tin* ribbon 
ainl spring to measure the aciTleration in 
the various ciises instead of adjusting tlie 
distance s to dilftn-eiit values and noting the 
corresponding ti mes. 

A w'ay of using Atwood's machine wliich 
is .^ometiiiies ein[)k»yed is to find the vclo‘*ity 
of tlie mass A after the rider has been 
removed by the ring and tlie system Is 
supposed to be moving witli constant 
velocity, Tliis method, liowever, is neither 
Fw.T3.-AU0f*i’. Machine: Convenient nor so accurate as that de* 

Cusson » Hibl>oi] J*attr‘i 7 i. tailcu. 



OH. VIII 


DYNAMICS 


*' 143 


' § 4. KuTATION of a liKlID JiODY 

Hq^ENTS OF INERTIA 

The ' effect ’ of a mass in rotation about an axis depends not 
only on the mass moving but also on the way in which the mass 
is distributed about the axis of rotation. Thus, consider the 
Kinetic Energy df a body as shown „ ^ 

in Fig. 74| rotating with angular 
velocity (u radians per second, about 
an axis through 0 perpendicular to 
the plane of the i)aper. 

Velocity of particle at = rjw, 

Velocity of particle at Pjj = 
etc. 

Kinetic Energy of particle //f^, at 

Pj = 

Kinetic Energy of i)urticle at 
1 * 2 = 

Fif.. 7 <. -Moim*itt of Inertia. 

Total Kinetic Kner<rv of the Bodv due to Rotation al>ont 0 

oCt)“ UKyiy + tih/f + .} ; 

or imHaifiwj lln’ sum of the quantifie,^ in thf bracket by the symbed I, 
we have 

Kinetic Energy of Rouition = .Uiu-. 

The sum represented by I is a proi)erty of the body which 
has a perfectly definite value for that body with reference to 
the given axis O, its magnitude depending on the distribution 
of the mass about that axis. It is called the Moment of Inertia 
of the body about the given axis, and is defined by 
I = + m./^- + Hi/j- . . . 

or I = 'Imr, 

where i' denotes the sum of a number of terms of the same type, 
taken for all the particles in the body. 

The Radius of Gyration, — If the total mass M of the body 
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were concentrated into a single particle, and if this particle wtTe 
constrained to move in a circular path of radius k In juoans of a 
light roll with its centre at 0, the Moment of Inertia of the 
particle about the given axis would be Mk'K l>y i)r()perly 
choosing k the Moment of Inertia of this particle may he made 
the same as that of the given l)ody. For this value of Z*, 
MZ- = I ; this length k is called the Radius of Gyration of the 
body about that particuhu- axis. 

The ^foment of Inertia would have the same value if the 
matter were arranged in the form of a ring of radius L 

THEOREM OF PARALLEL AXES 

The Moment of Tnm tia of a ImhIv about any axis isoipial to its 
Moment of Inertia about a parallel axis through the C’ciilrc of 
(iravity the product (drained by multiplying tin* mass of 
the bo<ly by the sipiaro of the distauce. bot\vt*en the axes. 

I,„ the Moment of Inertia about 
,h rough < h 

- I., t 

L - M/-.;-, L - :niz..2 

M/;- 

- Z*. 2 l,'\ 

uitly, if we know the Moment 
ia, or the Jitiidius of (iy ration, 
is through Ukj Cyontro of ( Iravity, 
we can calculate the corres]>on<liug quantity for any parallel axis. 

lor a list of ^loments of Inertia in some important cases, see 
the Appendix, p. 595. 

LINEAR MOTION AND ANGULAR MOTION 

The following parallels between quantities concerned wu'th 
linear motion and quantities concerned witli angular motion 
should be noticed : — 



Fio. 7'. — ranill»'l A\r*.s 
ttiroui^ii O aiitl ii. 


Thus 
an axis t 

Ihlt 

so 

or 

Coii.seqin 
of Inert] 
for an axi 
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Linear Motimi. 

! 

1 Angular Motion. 

^Qulnilty. 

Sj^nbolH. 

Quantity. 

Synilx>ls. 

Displacemont 
or distance 

Velocity 

ii 

li 

Angle . 

1 Angular Velo- 
city 

A 

dt 

Acceleration . 

. dv 

a or a = v= 

dl 

Angular Ac- 
celeration 

, dia 


_ tPs 


II 

11 

Ma.SK F 

m 

1 

Moment of 
Inertia 

I 

Force 

Monieiituiu . 

Kinetic Energy 
of T^nala- 
tion 

Work , 

J^m.a }' Couple . 

mv ‘ Angular Mo- 

j nuinluin 
' Kinetic Energy 
' of Koiation 

!l 

force X distance Work . 
moved 

W:^y> < 

c= la 
loi 

couple X angle 
turned tiirougli 
\\ = c0 


This table is of ^roat value in dealiiig with angular motion. 
If a general expression be obtained connecting certain quantities 
ill the case of linear motion, an exactly similar expression 
can be written at once for the corresponding quantities for 
angular motion. For examples of this, see Simple Harmonic 
Motion, Chapter IX. 

§ 5. Measuuebiknt of Moment of Inertia 

The idea of Moment of Inertia has been obtained above 
^from a consideration of the Kinetic Energy of a rotating body. 
It is by measurement of the Kinetic Energy of a rotating body 
that wo usually measure its Moment of Inertia. The experi- 
mental determination of the Moment of Inertia of a rotating 
body is usually carried out by giving to the body a definite or 

li 
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measurable quantity of energy, and measuring the resulting^, 
angular velocity. 

MpMENT OF INERTIA OF A FLYWHEEL 

When the body is in the fonn of a wheel witli a long axle, the 
foUowing method is one of the most suitable for deteriniiiing its 
Moment of Inertia alH>ut the axis of rntution. At some point in 
the axle, or in a cylindrical rim on the wheel itself, either a small 
hole or a small peg will be re^juiretl. 

A brass pin is m.i<h‘ to tit into tin* hole and is tied firmly to 
a good length of cord. If, instead of a hole, a peg be baind, n 



ftimplo loop is made in the end of a cord toid this is slipped o\er 
the jxig. The cord having been attached in one of lhes(‘ ways, the. 
wheel is turned so as to wind the cord round the rim a few times. 
The cord is [lasscd over a pulley if the axis of the wheel is vertieal, 
or allowed to hang straight dowTi if the axis is horizontal ; to the 
free end is attached a mass of suitable size. 

If now the mass be allowed to fall, it will lose J Potential Energy ; 
the Potential Energy lost w'ill Ikj converted partly into Kinetic 
Energy of translation due to the motion acquired by the falling 
mass itself, and partly into Kinetic Energy of rotation of the fly- 
wheel. If we neglect any frictional losses for the time Injing, we 
may state from the principle of the conservation of energy that 

/Potential Ilnergy lost) f Kinetic Energy I f Kinetic Energy | 
\ by the falling mass / \ gained by mass J \ gained by wheel j ‘ 

Now if the mass su.si>ended be 7n gm., and if it fall through a 
vertical distance h cm. before the string is released from the wheel, 
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the Potential Energy lost is mgh ergs. Just as the end of the 
string is pulled off from the rim, the moss has acquired a velocity 
equal to v cm. i)cr sec. (say), and the wheel an angqlar velocity 
equal to w radians per second. The Kinetic Energy of the falling 
mass at this instant is tlius and the Kinetic Energy of 

rotation of the wheel is JToj-. 

Thus, neglecting friction^ we have 

Tti this (‘(luation in and g are ]>oth known. 

Determination of h. —Tin* most convenient wiiy of getting an 
accurjite value of h is to ain'ange tlijc length of the otrd »o tJuit the 



Fk.. 77.— Flywlinel with Axle vertical. 


end separates from the v'hed just as the hittinm nf iht falling mass 
touches the ground, Jt tlie mass la' .started with its l)asL* level with 
the table, the height through wlii« h it falls while attached to the 
wheel is e(|ual to the height of the table above the tloor. 

Determination of v and <o. — There are two >\ay.s in which v 
ami (I) may be determined ; both these are described below, but the 
second method is preferable as giving much greater accuracy than 
the first. It also affords a useful means of correcting for friction 
losses (see later). 

Mktiioi) 1.-^ The length of time taken for the falling mass to 
r(‘ach the ground is iheasured by means of a stop->vatch. Let this 
be seconds. 

J.)uring this time the niasa falls a distance h cm. with a uniformly 
increasing velocity. Since the initial velocity is zero the fin^ 
velocity will be double the average velocity. 


The Average Velocity 


?' = 


h 
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The final velocity, the velocity the mass has when it reaches the 
ground, is double this value, 

2A 

The time is usually very short, and cannot be measured with 
great accuracy. 

The quantities v and to are connected by the relation 
where r is the radius of the cylindrical rim round which the string 

is wound. If r k* measured 
and V Ixj determined iis 
al>ove, we can fiiul to, since 


MKTnoi) II.--After the 
string has become detachetl 
from the wlioel the wheel 
continues to revolve for a 
considerable time. Its 
angular velocity decrcjuses, 
however, on account of 
friction, and eventually the 
wheel comes to rest again. 
If the friction be con- 
stant, the wheel will be retarded (juite uniformly, and the average 
angular velocity taken over the whole time re(juirod to come to 
rest will be equal to one-half i\\v initial angular velocity cu. 

If the wh(?el make revolutions after the string has become 
detached, and take #2 seconds to come to rest, the average angular 
velocity, Tvhile coining to rest, is given by 



Fig. 78 .— Flywheel with Axle hori/ontal. 


cu = ~ — radians j)er 


second. 


Therefore w, the angular velocity at the moment when the string 
became detached, is given by 


(0 ~ 2(0 5 


47r?i., 


The value of f.j is much greater than that of in Method I., and 
can therefore be determined with much greater accuracy ; thus the 
resulting values of v and w obtained by this method will be more 
accurate than those obtained by. Method L 
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Having found o), v is calculated by means of the relation 
• v^inr, " 

Determine v in 'cm. per second and o) in radians per second. 

Expt. 63. Moment of Inertia of a Flywheel.— Set the 

wheel in rotation by allowing different masses to hang from the 
string, adjusting and measuring the heights of fall as already 
described ; this gives m and h. 

Measure the radius of the cylindrical rim round which the 
cord is wound, adding half the thickness of the cord to this if 
the cord is an appreciable thickness compared with the radius 
of the rim ; this gives r. 

Count the number of revolutions made by the wheel after 
the string has become detached, 

Find the time taken to come to rest, 

Repeat the observations tliree times eiich, taking the meam 
of the observed values of and if these vary for the same 
m and /t. 

Calculate mean values of oi and v corresponding with each 
value of m and A, and substitute in the e(|uation 

mgh = H- 

Calculate each of the quantities mgh^ imv% and 
separnttfiy l^efore solving for I. 

Exj)ress the Moment of Inertia in gm. c/n.- 

Correction for Friction. — If the friction of the supporting bearings is 
considerable, it must be allowed for. Suppose a certain amount of work 
f is done against friction every time the wheel revolves once. While the 
mass was falling, a certain number of revolutions were made, and 
therefore an amount of work nj" was done against friction. 

The equation + is therefore no longer quite true; it 

must be modified to 

mtjh = Jj/iir + JIw^ + j/, 

since the work n^f was done while the falling mass was losing its Potential 
Energy, 

Now, after tho string was detached from the wheel, the wheel possessed 
a certain amount of Kinetic Energy = 4 Iw’**. This energy was gradually 
lost in overcoming friction, the whole amount being absorbed in a certain 
number of revolutions Hence 

We thus have a value for / expressed in terms of known quantities 
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anil thorefon* «,/ Uw- 

Tlie et|uatioii may now Ik* rrwrittcii as 
mi/li =r 1 /it r- *f A l<')“ 4- ' A 

or ///;/// ■ A ///<•“ -i- A 1 + 

the friction iorro(*ti«)n hoini: rijarsfiitoil l>v tlie tt‘rm in tlie 
bracket. 

IVtonnino tin' number f)f turns made by tin* wliile tlie 

mass is fallint:, atul ivealeulatt* b introdu(*in*: this <mall eniroetioii. 

SOLID OF REVOLUTION ROLLING DOWN AN 
INCLINED PLANE 

When a body is allowed to roll down an inclined plane, the 
Potential Pinergy it lo>es is eonverted into Kinetic Plnergy. 
When the body reaches the foot ul the plane it ])ossesses two 
kinds of motion — 

(ft) Motion of trandation, 
and (//) Motion of rotation. 

Hence tin* Kinetic Phier^y of the ]»ody is made nj) of two 
parts — 

(n) Kinetic Phier^y of linear motion ■ \inr\ 
and {f») Kinetic Phiergy of rotation =■ Ab»>“. 

Whei •e in - Mass of body, 

r - Linear Velocity, 

1 = Moment of Inertia about the axis through the Centre 
of Gravity, 
oj = Angular Velocity. 

If the top of the plane where the })Ofly starts })e h cm. above 
the place where the body is stopped, the body loses Potential 
Phicrgy = irujh 

Hence mfjh = 

Actually the motion is one of rotfitif)n aliont tlie axis of 
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contact with the plane/ as it is assumed that no slipping takes 
place hero. This can, however, be shown to be equivalent to a 
linear motion of the C.G., together with an angular motion about 
the axis through the C.G., therefore the 
above statement is correct. 

If r is the jierpendicular rlistanco httweeii 
tlie ajcis of contact ainl the Centre of Cravity, 
the linear velocity of the Centre of Gra\ity r Axis of contact 
is given hy the equation plane 

V -- wr. 

*Fio. 7*.'. Proof that r=wr. 

as is readily .so<*n ]»y reference to Fig. 79. 

Now V may he determined hy ob.M^rving the time taken for the rolling 
body to traverse a length s on the plane ; let this be t secs. 

Final A'^clocity = twice Average Velocity. 



r 

Thus w al>o is kiiowji, for w - ; i.e, w.- ' . 

7 * (r 

h an<l m may he d' termined directly, so that everything in the equation 
is known except I. 

Substituting tlie known values for the various quantities in the equation 
nnjh = h HI r- + i I w*, 

the value ul* I may he ohlained. 

I].\ PT. (» t. Wheel and Axle on an Inclined Plane. — A large 
disk lit toil with a steel axle is allowed to roll down a set of 



rails on an inclined plane, and the time taken for the disk to 
roll down the piano is noted ; let this be t sec. 

The length of the plane traversed by the axle is also 
deferinined ; call this-f cm. The total height fallen through 
by the axle is measured by means of a simple eathetometer ; 
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let tin's be h cm. Then the Potential Energy lo.st = wi^A. 
Weigh the disk, and calcnlate the value of nif/h. 

The linear velocity of the ilisk as it n‘ache.s the foot of 
the plane is = r. • ^ 

Calculate the value of v in nn. |»er sec. 

Calculate the value of Xmy-, the Kinetic Energy of trans- 
lation at the foot of the i)hine. 

In this case, the distance from tlic fixed axis to tlui C!enfre 
of Gravity is equal to the radius of the axle. 

Measure the radius of the axle, using a mic'ronieter screw 
gauge ; let this be r cm. 

The angular velocity at the foot of the plane to ^ 

Calculate the value of to in nulians per se.'ond. 

Substitute tliese values in the equation 
j/iz/Zi == Itn c- + 

and solve for I. 

Hepeat the experiinont, using various valui‘s of h (5,* 10, 15, 
and ’JO cm.). 

Verify your result by calculation, assuming tlu‘ Aronient 
of Inertia of the disk is where tt is the radius of the 

dhk. 


It has been inciitioncd in tlic foregoing that althougli the actiml morion 
is one of rotation about the axis of contiici ^\itll tlu* plane, tills motion 
A 0 equivalent to a linear motion of the 

— s Centre of Gravity together with an anguhir 

^ I motion about an a.\ is lliroiigh tin* Centre of 

j \ (Uavity. 

^ I The proof of this is as follows ; Consider 

< / • " *00 ] the body A to be subject to an angular 

I I velocity w about the hxed axis 0 , and let 

y j 1 ^ exactly similar body with a linear 

y velocity V of the C.G., and an angular 
velocity w about tlic C.G. 

Fio.81.~Motion about InstanUn«ouH ,listancc from the. Centre of 

Axis of Botation. Gravity to 0 be r, an«l let tin* linear velocity 

of the C.G. in case B, be at right angles to this line and equal to wr. 
Consider the motion of tlic C.G. in the two c-ases. 

Case A. Linear velocity of C.G. ~w/-, from* right to left, due to angular 
motion alx>ut 0 . 

Case B. Linear velocity of C.G. = r = wr, from right to loft, by 
hypothesis. 

Motion due to rotation is zero. 

Kext coiusider the motion of the i>oint 0 in the two cases* 
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Case A. Motion is zero. 

Case B. Motion is t;= wr, from right to left, due to linear motion and wr, 
from left to right due to rotation, O is at rest. 

Thus in either case two })oiiita of this rigid bo<]y have the same m^ion. 
'Ihereforc the motion of all points is the same, i.e. a motion of rotation 
about an axis distant r from the C.G. may ]»e resolved into an equal motion 
of rotation about a parallel axis through the C G., together with a linear' 
jijotiou of tlic C.G. = wr. 


DISK SUPPORTED BY CORDS PASSING ROUND AN 
AXLE THROUGH THE DISK 

The disk is mounted on a steel spindle suspended hy strings 
in such a way that the axle is horizontal. The disk is raised 
by turning the axle so as to 
roll the string evenly on the 
two sidos) of the axle as 
shown in Fig. 82. When 
released the disk falls, acquir- 
ing a motion of rotation, due 
to the unwinding of the cord, 
as well as a motion vertically 
downwards. 

If it falls a distance /t, its 
mass being then as before 

aujh = ^mv“ + 

1 being the linciir, and w the 
angular velocity of the disk, 
when ^ it has fallen through 82 .— Disk suspended by Strings. 

^this distance A. 

The relation between v ami <o is r = (i>r, where r is the radius 
of the axle plus half the thickness of the string. This is easily 
seen from Fig. 82. The point O' is at rest, and the centre of 
the axle O will therefore Juive a velocity v = wOO'. 

Determination of v and oi. — The linear velocity of the disk 
as it reaches the bottom of the string is double the average linear 
velocity during the fall, for it starts with zero velocity and is 
accelerated uniformly throughout. 

The average velocity of fall is obtained by finding the time t 
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taken for the disk to ivueh its lowest ])osition. The (listaiiiT moved 
through is //, therefore the average velocity 

- h 

or 

From this n) is obtained, since (»)==- \ 

/• 

Kxrr. tif). Determination of the Moment of Inertia of a 
Disk suspended by Strings.— Hee that the axle is hr>rizontal 
when the disk is in its lowest position. Rotate the disk about 
its axis so that the strings are woiiiul t‘venly round the spindle, 
and the disk is raided to its highot point. Release the di.>^ 
and start a stojMvatch simultaneously, and take* the time of 
descent from the highest to the lowest ]>oint. This observa- 
tion must 1)0 rep(*ated several times, and the mean value found. 
Measure the distance h tlirougli which the disk falls, and 
calculate the final velocity v in cm. per sec. from tlH‘ formula 

2 h 

V --- 

t 

Measure the diameter of the spindle and the diameter of tlie 
coni with a micronn*ter .mtcw, and determine whiidi is the 
sum of the radii of the spindle and the cord. Determine 
the angular velocity «) from the formula o = oj/*, expressing 
the result in radians per second. 

The mass of the disk (and axle) is dct(‘rmined by a(‘tual 
weighing, and thus the data nec(‘ssary for the calculation of I are 
all known. Calculate the value of J from the energy eipiation. 

All approximate value of I can be calcidiittMl from tlcj mass and 
diiiaiiiftioiis of the disk, 

- _ V////® 

2 ’ 

a being tin* radius of the di^k. 

Tiiis calculated value only approxiinatn ; the formula is only true if 
the inu.s.s of the disk is di*«tiibuted uiiifonnly throughout its volume, and 
of cournc, this is not the case, the axle liaviiig Aii ap|)reciable ma.ss which is 
obviously uot distributed uniformly throughout the disk. 
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n^KIOUIO MOTION 

1. LiNKAit SiMPLK IIakmonk; Motion 

In iill Lr.'iiichcs of Pliysic.s cases occur in wliich the motion of a 
point or particle is of the nature of an oscillation or vibration. 
The motion of a point is said to ho periodic whiui the same 
series of movements is repeated at re^ij;ular intervals of time. 
The Period of the motion is the time required for the complete 
series of movements. The simplest type of periodic motion is 
that which is known as Simple Harmonic Motion (S.H.M.). 

Linear Simple Harmonic Motion may l)e defined geometrically 
as the projection of uniform circular 
motion on a diameter of the circle. 

Imagine a point P moving round 
a circle with uniform speed. Take 
any diameter of the circle, and 
draw 1*N the perpendicular from P 
to this diameter. Then the point N, 
the foot of the perpendicular, executes 
^S.II.M. across the diameter A A'. The 
Displacement of the point N is ON, 
the distance from its .mean posi> 
tlon 0. The Amplitude of the motion is the maximum dis 
placement ft»om the mean position 0. It is eciual to a or OA, 
tho radius of the circle of reference. The Phase of the motion 
is tho time, or the fraction of a period, that has elapsed since 

1.^5 


Velocity 



Fir,, - Sini{»l«' Harmonic 
Motion. 
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P passed some fixed poltit» sueh as A. It may be expressed 
also as the angle POA. The Period of the; motion is the time 
taken for the point N to travel backwards and forwards along 
the diameter AA'; it is the same as the time taken by the point 
P to travel round the circle of reference, 

I^et the velocity of P at any 'point be r, and let the angular 
velocity of OP bo w radians per second, then the Period / is 
given by 



The point X has a velocity along A A' which, is always equal 
to the component of the velocity of P iKirallel to AA'. Hence 
any change in the velocity of P which aflects its velocity parallel 
to AA' also affects the velocity of X. Thus the acceleration 
of the point N along AAf is equal to the component of the 
acceleration of P parallel to AA", But the acceleration of P 

can be shown to be 0(jual to - in the dir(‘ction PO. Therefore 
* a 

the acceleration of X 

= -•* cos POX, towanls 0, 
a 

OX 
a "" OP 

= X Displacement of N 
= or X Displacement of X. 

w 

Hence we see that in Linear Simple Harmonic Motion a point 
moves along: a straight line with an acceleration that Is 
always directed towards a fixed point In that line, and is« 
directly proportional to the distance Ovm that fixed point. 

We may regard this statement as *an alternative definition 
of S.H.M. 

Thus if we know that a point moves with an acceleration of 
this type, we know that the point executes a S.II.M. with this 
fixed point as its mean position. The period of this S.H.M. can 



OH, IX " PERIODIC MOtlOK ' ' 157 

be expressed in terms of the acceleration at any known distance 
from the fixed pointy even if no other property of the motion is 
given. 

The moving point would correspond witli the point N in the 
preceding discussion. For any given value of the amplitude of 
the motion of N, we may imagine a ptiint P moving round in a 
circle as therein described. 

The angular velocity of this point T v ill rec|iiire to be some 
value <0 such that the acceleration of X = w‘^ x displacement of N. 

Now the acceleration of the point is given by some equation 
of the form 

Acceleration = A./*. 

The particular value of w to fit this equation is obviously 
(0 - \/A, and hence the j)ericKl of the S.II.M. 

Ott 

In Dynamics it is frequently found that the force Jicting on 
a particle is directed towards a fixed point for all positions of 
the particle, and is directly proportional to the distance of the 
particle from that point. It is easy to see that if the particle 
move in a straight line passing througli the fixed point its motion 
must be S.II.M. 

For let the force be fu’, where /t is a constant and x is the 
displacement. The constant /t is the value of the force when 
the displacement is unity. If the mass of the particle be w?, the 
acceleration a, in accordance with Newton’s Second Law, is 
given by 

ma = /t.r, 

* 

or tt = .r, 

m 

i.e. the acceleration is directly proportional to the displacement, 
and the motion is S.H.M. 

We see that^/A/w/ replaces A, w-, or {vja)- in the preceding 
discussion. 
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The IVriuil, /, can l»c written diiwn at once 
for t 




V A ^ w 
^ H* 


Notice that the period i is Independent of the amplitude a. 

The equation for the period 

t ilTT A' 

\ 


Is of lar-roachiirj; applicaticui. If we know the mass of a ho. 
and the force acting on ii iu ierm>i oi the displacemetit of the 
htwly from its mean juxition, ilie period can he (ielerminejl at 
once frt>m tlii< relation. 

fA is often sp<»kt‘n of a> the force for unit displacement, i.*\ 
H is the value of the fo!‘«c that \\onM a<‘i on tlie hody if it were 
displaced one <*entiinolre from it.s mean position. 


-j. An^JULAU SIMIM.K flAKMoNir MoTION 

The analogy between <*ertain quantities conni‘eted with linear 
motion and other <juanrities connected with angular motion has 
already heen pointe<l out (s<‘e the Talkie on ]). 1 lo). Tin’s may la* 
made use of in dealing with linear and angular S.lL.M.s. Thus 
we may at once <leduce the following statement : - 

When a hody rotates about an axis under a couple which 
is proportional to the angular displacement from a certain 
position, the body executes an Angular S.H.M. 

Again hy siniple analogy, if the couple acting on a body is re- 
lated to its angular <lisplacement by the equation 

Cou]»le rO, 

the period of the Angular Simple Harmonic Motion executed is 



I being the Moment of Inertia of the body about tlic axis of 
rotation. 
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The coefficient c is frequently spoken of as the couple for 
unit twist, i,e. c is the value of the couple that would act on the 
body if it were displaced one radian from its mean position. 

§ 3. Examples of Periodic Motion 

The types of periodic motion met with in practice are rarely 
pure Simple Harmonic Motions. They may, however, be con- 
sidered as Simple Harmonic Motions in many cases, provided the 
extent of motion allowed does not^excced certain small limits. 
One of the most important cases of periodic motion is that of 
a pendulum. Not only is the pendulum widely used for time- 
keeping purposes, but very important C 

results in Physics can be obtained from 
determinations of peildulum periods, 

PERIOD OF A SIMPLE PENDULUM 

A simple pendulum consists of a 
heavy particle of matter suspended 
from a perfectly rigid point of support 
l)y a flexible, weightless, inextensiblc 
string. When displaced to one side 
of its mean position 0, the ‘ bob ' 
swings back towards O along the arc, 
under the action of the forces on the 
bob (Fig. 84). The only force which 
has any component along the arc is 
the Aveight of the bob, and the component of this tending to set 
the body moving back towards 0 is sin 0. 

Thus the tangential force on the bob is given by 

/ = lUff sin 0, 

If the angle of displacement 6 is very small we may write 
0 = sin 0^ and then 

/= mg 0. 

Now if the displacement of the bob along the arc is x 



Fn;. v«4.— Force's on Bob of 
Simple Peuduluni. 
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and the length of the pendulum is /, 



and 



This is an equation of the form / == /jur, and hence the motion ^ 
of the bob is a Simple Harmonic Motion if the displacement x is 
never large. Its period is given by 


f-27r h 

V/t 


where = 


//i<7 

T 


Hence 


t-2w./J, 

^ g 


PERIOD OF A COMPOUND PENDULUM 

A Ixxly the mass of which is distributed throughout its volume 
can be used as a pendulum by allowing it to oscillate a))ont some 

axis. Suppose a body to i)e suspended 
from the axis O (Fig. 85). 

If displaced sideways, its weight 
acts downwartls through its Centre of 
(iravity and exerts a restoring moment 
on the body, the restoring moment 
about the axis 0 being mrjh sin 
when the body is displaced through 
an angle 0, 

If $ is sniffll we may write 0 - sin 0^ 
and then the 

Restoring Couple = mgh 0 , 

This is of the form, couple = r,0, where c = jngh. Tlie body 
thus executes an angular S.II.AL about the axis through O, its 
period being given by 

Iq is the Moment of Inertia about the axis through 0, and 
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can be expressed as + /r), where Ic is the radius of 

gyration about the Centre of Gravity. 


Hence 


t 


i.e. 


\ raltg * 

U2. AZ±Z. 

V h 



tuH 
Fiij. So.— Couple 
oil .Ma^ueU 


PERIOD OF AN OSCILLATING MAGNET 

When a magnet of pole strength ni is suspended in a field of 
strength H, each pole is subject to a force m\\. | 

AVhen the magnet is displaced through an 
angle 0 from its mean position, these forces exert 
a couple on the magnet 

--- 2 /.sin Oy 

the length of the magnet being 2/. 

2/m is called the Magnetic IMoment of the 
magnet, and is denoted by Hence 

Cou])le ^111 sin 6. 

This reduces to IVIH/?, if oir 

aiul wo find at once for the j^eriod of swing 

\ MH’ 

I being the Moment of Inertia of the magnet 
about its axis of rotation. 

PERIOD OF A TORSION PENDULUM 

In all the foregoing examples of periodic 
motion, the motion has only been a Simple 
Harmonic Motion if the angle of swing has 
been small. In the case of a Torsion 
Pendulum the motion is accurately Simple 
Harmonic, even for large angular dis- 
placements. 

If the upper end of a wire is fixed, and the lower end twisted 



Fin. S 7 . - Tor'iuui 
PutKliilnni. 
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through an angle 0 radians, the restoring couple exerted by the 

wire il equal to where radius of wire {see Dotcrmina- 

tion of Modulus of Kigi(Hty, p. 119). Hence a body of Moment 
of Inertia I, supported from a wire in this way, would execute 
a Simple llarmonio Motion, the jicriod of which is given by 



or 


> vnr* 


AVith a Ixuly of known ifonuMit of Incrii-i, this result coi 1(1 
be used for measurement of the modulus of rigidit\' n hy an 
oscillation method. 


PERIOD OF MASS SUSPENDED FROM SPIRAL SPRING 

The periodic motion of a mass suspended from a spiral 
spring furnishes another example of a pure Simple Harmonic 
Motion. Suppose a mass M, suspended from a spring, extends 
the spring / cm. Then the force exerted hy the spring is just 
equal to the weight, My, of tlio suspended mass, and the foi;ce 
for unit extension is My//. If the spring is stretched a little 
further, say 1 cm., the extension being now cfpial to / + 1 cm., 
the spring will pull upwards on the ina.ss with a force e(tual to 

> (/ f* 1) dynes. 

The forces acting on the mass are now (a) the uimtrd force, 

+ exerted by the spring, and (i) its weight. My, acting 

domnwards^ the resultant being My/Z vpwardi^. Thus, when dis- 
placed 1 cm. from its steady position, the mass is pulled upwards 
by a force = My// dynes. This is the force for unit displacement 

The period of vibration will therefore he 
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where I is the steady elongation produced by the suspended 
mass. 

§ 4. Expjbriaiknts os Pkriowc Motions 


DETERMINATION OF THE ACCELERATION DUE TO GRAVITY 
BY MEANS OF A SIMPLE PENDULUM 

The direct determination of the acceleration due to gravity 
is a matter of considerable difiiculty, if even approximate 
accuracy is required, and therefore other, less direct, methods 
are usually employed. One of the easiest of these is by using 
a simple pendulum, observations being taken of the times of 
vibration for different lengths, and the values thus observed 
substituted in 4he formula (p. ICO), 

/r 


t=2ir 


V 


!/ 



Clamp 


Clamp thecordi 
so as to leave 
at lower edge 
of clamp 


which connects the time of a complete 
vibration, /, with the length of the 
pendulum, /, ff being the .acceleration 
due to gr.avity. 

Exrr. GO. Determination of 
g by the Simple Pendulum. — 

The theoreticiil .simple iHjndulum 
consists of a heavy particle of 
infinitely small dimensions .siis- 
l>cndetl from an inextensibJe 
massless fibre held in a ]>erfectly 
rigid clip at the upper end. 

Ill practice, usually employ 
a small heavy ball or ‘bob of 
metcil suspended from a fine 
strong cord siurli as is used for 
fishing. 

possible. The length of the pendulum is the length frunrthe 
|K>int wfn^re th** rord learen the ciam/), to the centre of the 
bob. — The string leaves the clamp at the lower edge. 

The time of a coni])Iete vibration backwards and forwards 
is the time between the *bob* jxissing through the centre 


Fi<?. SvS,— Simple Pondulutn. 

Tlie uplier end of the cord is clamped as rigidly as 
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of its sNsini; {n th*' dlve^'titm on two i*on <*rutiv«* ocim- 

sioiis. Tin* centre ot thi* swin^ should l»o iii.'iikcd in somr 
way, r-.'/. by iin-aus t»f a vertinil ohalk lino '>11 an <»bj«‘oi 
cluso bohiml tlio o«»rd. In order to deHa'iniii*' tho }ierhMl 
amirately, ii large nundu r <»f swings, Siiy bO, sln idd I»e iiiaile 
by the pendulum, and tin* ttitiil time taken fin* the.>o slmnld 
1)0 observed, J^upiioso 50 swings take 'P secs., Ilio |M*rio<l 
is T/50 sees. 

In timing the swings with a sto^i- watch it is advisiilde 
to start counting by calling the tirst i»as.sage t)f the c(»rd past 
the mark 3 , and then to count hackwanh^ thus 


The stop-^\atch is started at ]>a.*'S4ige 0 and stopped at 50 . 
Thi> avMid> the err«»r made by calling the tirst pas.sage. 1 and 
after counting on to 50 , .sa\iiig that 50 swings liave been 
made, \\hile in nality only *19 |H*riods ba\e Imm-ii observe«l. 
The metliod also enables tin* observer to learn I lie rltt/thin <»f 
the sNsing^ before acinally U^ginning to time them. 

Take ^arious lengths of string, from 50 ein. to alnmt lOO 
or l‘J0 <‘m., unf thut six dith-rent length.*' iH-ing iir'ed, and 
ob>erve rJie period b.r eaeh length. The angle of swing 
must be small. 

Kilter the f >b.''er\atioi}s thii'. ; 



The mean value of (given in the last column) is now used 
to calcidato a value of the acceleration due to gravity. This, 
the important experimental result, shovdd be entered 2)rominenily 
at the conclusion of the account of the experiment as 

Acceleration due to Gravity, y = = crn. per sec. 2)er sec. 
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I Mot a ^r:<]»li values of 1 as aliseissa*, an<l tlio corresjioiuling 



Fn;. 81 ». —Graph for Simple Pendulum. 


values of as ordinates. This sliould he a straight line passing 
through the origin, showing that I is j»rf>portional to f-. 

DETERMINATION OF g BY SPHERE ON CONCAVE MIRROR 

An interesting example of jiericnlie motion, involving the Moment 
of Inertia of the moving hotly, is atlorded by the lae.sent 
experiment. In the case <d’ a simple iKMuliilum the motion of the 
‘hob* is along the arc of a circle of radius ctjual to the length of 
tlic string, the motion being juirely translational, /.c. there is no 
rotation of the boh about its Centre of Gravity, hut only to-aiid- 
fro motion. 

A >i)here rolling ovi*r a concave mirror has a motion similar iu 
all respects to tlic motion of the lM»h of a siin]»le ]>endulum, with 
the excejition that tlie sj^liere roH.^ t\(. rotates as it moves forward. 
Thus, in dealing with a sphere rolling over a concave mirror, we 
must take the motion of rotation into account, as well as that of 
translation. In either case, the Kinetic Energy of the moving 
body at any point is eipial to the Potential Energy it has lost in 
falling from the end of its swing to the point in question. 

In the case of the simple pen<luluiii, wht*re the motion is one 
of pure translation, the Kinetic Energy is Imv- and the Potential 
Energy lost = 7nf//t ; 

\mr“= nifjff, 

or t»- = 2(/4. 

Tn the case of the sphere rolling on the mirror the Kinetic 
En(‘rgy = + Hw-, and the Potential Energy lost = rntfli ; 

. •. I m + i Tco- = myh ; 
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Now the ^fomoiit of liuTtia (I) of a sphere ahoiii its (rntro is 
and tho equation becomes 

Again, the point of contact with the surfac'O is at rest, tliero- 
forc the linear velocity of the centre (cj) is equal to tlio angular 
velocity (w) times the radius of the ImiII (u), 

*.«• Vjsawu (sec p. lol), 

or 

4 The eejuation with regard to tlie motion of the siihere on the 
concave mirror thus ix'duees to the form 

wi//i - I . 

or Cj- - 

Thus, if a siiii[»Io |»«*iidnliim Im>]i jukIu sph<'r<' on ai*onea\»i mirror 
trae<* out .siinil«ii* p.iiii>, lh»‘ vrl«>rity i>f the sj»lien* is always less 
than the >eloeity i»f tlie tviululum ImiL in the same [>t»sition. 



Fi<). t»0,- SiiuiiU* PeiHluluia smU Splien on Concave Minor* 


If v = tlie velocity of tlie ]»eiidiilum boh, and v^^'^thc velocity of 
the sphere at tlie same point, then -- and 

V ' 

80 that at all jioints in its path tho velocity of the rolling sphere 
is only ^ of the velocity of the pendulum bob. 

Therefore, to complete any given motion, the sphere will take 
^ the time taken by the more rapidly moving jicndulum bob. 

Now the jicriod of a simple i^endulum is « *= 27 r / L 

If y 
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There l oro in going over a similar path, the ^joriod of the rolling 

« 

sphere (t^) will be < x >J}, t.e. t^=‘2v J\ ^ 

▼ y 

The path traced out by the sphere is a curve of radius (!B^- a) 
where B»the radius of curvature of the mirror and a»the*T^iTiis 
of the sphere. The length of the simple pendulum, the bob of 
which would trace out a similar path, is (II - a). 

The period of the similar simple i)endulum is thus 


,- 2 . 

s 

The period of the siihere on the mirror is sTs of this, i.e. ■ 


u 


27r 

V ^ 


Ext^t. G7. Determination of g by Sphere on Concave 
Mirror. — Measure the radius of curvature of the mirror by 
means of a splieroineter, and the radius of the ball by callipers. 
Wipe away all dust from the surfaces of the sjihere and the 
mirror. Take the time, for 10 or 20 complete oscillations of 
the ball on the mirror by means of a stop-clock, and deduce 
the time of vibration. Kepeat these observations for deter- 
mining the period three times. 

CalculaU‘ y from the formula 


or 


<li = 2jr 

\l !} 


4r2I(Il-«) 


COMPOUND PENDULUM 

When a rigid body is supported so that it can turn about a 
horizontal axis, it will oscillate about an equilibrium position 
(see the discussion on p. 160). 

Lot Iq = denote the Moment of Inertia of the body about 
a horizontal axis through its centre of gravity, G (Fig. 91). . 

The body is supposed to be oscillating about an axis at 
right angles to the plane of the paper through 0. The point 0 
is called the ‘centre of suspension.* The Moment of Inertia 
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about the* axis through O is given by I , -- i* - M(/- f Af ), 
where //^ - 0(J. 

The time of vibration of the conipoiuul pendulum has been 
shown on p. 161 to l»e 

*r. 

\ \ 

The length of the <iiiiiplc pendulum that vibrates in the same 
period is 


This is called the length of the simple equivalent pendulum. 

If the wlu)h‘ ma^.s of the body could be 
I \ concenirated at this tlistance from the axis of 

I \ siispr?ision, at a point in the lino joining ()(J 

1 \ produced, the )>eriotl of oM*illation and tlie 

j I \ e«[uilibrium position wouKl be unaltered. 0^ 
{•G \ 'vould be siich a point, if the distance OO, is 

j \ ccpialto/. Oj is called the Centre of Oscillation 

^ j corresponding with the Axis of Suspension 

/ at 0. 

Fio. ’.'i.— c.imiKiimd The distance h,^ from G to 0^ is given 

Penduluiu. 1 ,^ relation •- h.^ - /. 

The centre of suspension and the centre of oscillation are 
interchangeable, for since ^ /, 




. ( 1 ) 


Adding A./ to each side, vve have 

A./-rA,A2 = A2^A/, 

or A.^ + Aj = — 

If ft 

+ }i- 

Now — is the length of the simple 2 >endulum, which 
/«2 

has the same period as that of this body when suspended about 0^. 
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This is equal to by equation (2), Le. the period will be 

the same whether the body is suspended about 0 or 0|. 

This is equivalent to saying that the centre of suspension and 
the centre of oscillation are interchangeable. 

Locus of points for which t is constant. — There are other 
axes about which the body will oscillate 
in the same period as about 0 and Oj. 

If we describe two circles with centre 
G and radii and any parallel axis 
of oscillation taken on cither of these 
circles would give tlie same value for /. 

Variation of t with h — Minimum 
Period. — W hen the axis of suspension 
passes through the (.’entre of fJravity, tl;e 
periotlic time becomes infinitely great. 

If the axis is at an infinite distance the 
periodic time is again infinite. Conse- 
quently there must be some intermediate position for which 
the periodic time is a minimum. 



Locuh of PoiiiU for 
Hindi t is constant. 


Now 






/.•- + 

This will he a minimum when , - is a minimum. 

h 


But 


^.2 + /,2 (/, _ }Cf + 

■ h " h 

h 


This is clearly a minimum when h = 

The length of the simple equivalent i)endulum in this case 
-- 2A*, and the points O and 0^ are at distances from G each equal 
to h 

/2X* 

The minimum period is 
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Exit. 68. The Oompoimd Pendulum. — To illustnito thoHo 
results, a Imr about 1 meti*e long, in wliieh holes have l)cen 
Leventng bored at equal di«taii<*es (about 2 
along its longlh, may 1 h; sus- 
peiuled from an axis which must l)0 
niiulc horizontal (Fig. 9.3). ‘ 

i. Take the i>t»rii)dic time for 
every third hole, starting from (»iie 
Olid of the liiir, noting the time for 
50 complete swings. 

ii. Plot a curve showing the 
periodic time at tlitleront distances 
from the (Vntre of Gravity, It will 
consist of two syi.nnetrical branclus 
corresponding to the two lialves (»f 
the Uir, showing a ininiinum period 
for the points A and 1>. 

iii. Find the lioles on the bar 
corresponding to these minimum perio<ls and determine ifrn/ 
accarattly the pericnl for the two lioles on either side of that 



giving t a minimum, and also for the hole corres|K)ndiTig with 
the minimum itself. At least 100 swings should be taken for 
each of -these five lioles, so as to get very exact points on the 
curve in this i>art. Find k from the 2 >ositions of A and B : 
A-AK = BK. 







I'll., ya. — Hill IVn-luhnu. 
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iv. Find points such as C, D, E, and F in Fig, 94, for 
which the i)eriodic time is the same. 

Then if CH is tiiken as Aj, HE is 
Also HF = and HD = 

Calculate the radius of gyration from the formula 

Find the longtli of the simple ociuivaleiit pendulum 




and caleuliite g from the formula 

9 

V. Find tlio minimum periodic time to corresponding to the 
points A, li ill the graph and wdculate k from tlie formula 

^o = 2r /rt 
\ <j 

assuuling ^ = 9Sl cm. /sec,-, 

vL Find the mass M of the body and calculate its Moment 
of Inertia 


The values of A obtained in iii., iv,, and v. should all agree, 
and should be approximately ci|ual to tlie length of the bar 
divided by n/ 12, if the breadth of the bjtr is negligible compared 
with its length (Aptxuidix, p, 595), ^ 

£xpt, G9. Determination of Modulus of Rigidity by 
Oscillation, — Suspend a bar or a disk, or some other body 
of kmmm Moment of Inertia, from a wire which is fixed 
firmly at its upper end. 

Determine the period of oscillation of the body when 
moving as a torsion pendulum. 

Measure the length of the wire ami its radius. Calculate 
the Moment of Inertia of the suspended boily from its mass 
and dimensions. 

Deduce the value of the Modulus of Rigidity from the 
ei^uatiou 


8;rH 




or 
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Coii4Hiro. tho Moiuonts of tnrrli»'i of two Iki^Uiss hy using Ummu as torsion 
peuilulunis from tho sum*' win* 


= 2r / I 




The same wire is used, 


I5J 


Exit. 70. Determination of g by observing the Peril I 
of Oscillation of a Mass suspended iYom a Spiral Spring.- 

Siis|>ontl ii mass fnuu a spiral spring. X<»n‘ tlin elongation / 
it protliuvs when applied gently. Ohservi* tho p(‘riod of 
osoillatioii of the nia>s when vihrating \ertii.illy. 

Calculate // lioiu tlie ex}ircssi(»n (jnoved e, ilier, p. IC:^) 




CHAPTER X 

GASKS: T}IK KUiOMKTKM Ax\I) BOYLE’S LAW 

S 1 . I*K(»1*KRTIKS OF (JASKS 

A gas differs from the other forms of matter in that it always 
fills any space in which it is placed. However small the 
ijiiantity of gas contained in an enclosed volume, the gas 
distributes itself so as to fill the volume. This property is the 
im)st striking property ])o.ssesscd by substances in gaseous form, 
and may l)e described as their expansibility. 

In the ])resent chapter Ave shall study only the gaseous 
phenomena associated with constant temperature, leaving the 
investigation of the effects of change of temperature to the 
section on Heat. 

BOYLE’S LAW 

When the volume of a fixed mass of gas is changed, the 
jnessnrtj exerted hy the gas altei s in a definite way, and, provided 
the temperature is maintained constant, the pressure varies 
inversely as the volume. This relation may be stated con- 
veniently in the form 

Pressure x Volume = Constant. 

I’his law was first oiiunciated by Kobert Boyle in 1662 , and 
is known generally as Boyle’s Law. It was stated, however, by 
the French physicist Mariottc fourteen years later, and is known 
on the Continent as Mariotle’s Law.^ 

* See Tait’s Properties of Af alter. Appendix IV. 
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It will be seen that, in order to investigate the phenomena 
presented by a gjvs at constant temperature, wo must be able 
to measure its volume and its pressure. 

The moiisuromont of volume presents little dilliculty, but 
that of pressure requires some explanation. 

§ 2. Mkasurkmknt of ATMosi nKiiic Tkkssuik 

Before dealing with the mciusurement of the pressure of 
gases in contined volume-*, the first point to realise is that the 
air exerts a considerable prcs^llre. 

THE BAROMETER 

To show tin's, a long tube of glass about 1 metre in length 
is closed at one end ; it is then filled with mercury, and inverted 
so that the unclosed end is beneath the 
level of a hath of mercury in a trough. 
At oiiee the mercury falls down a little 
way from the top of the tube, although 
no air or any otlier substance is admitted. 
The mercury does not run out of the tube 
entirely ; a considerable column, al)OUt 
7a cm. in height, remains in the tube, 
tins column being siqiported by the 
jircssure of the atmosphere. A Tube of 
this construction is called a Barometer 
Tube. 

Consider the pi;es.suro at the point A 
in the tube (Fig. 95) at the same level 
as the frpe snrfure of the mercury outside. 
Above this point is a column of mercury 
h cm. liigh and of den.sity p, exerting a pressure at the point 
A equal to hpg dynes per .scj. cm. Above the mercury inside 
the tube, the .space B is vacuous, except for a minute trace of 
mercury vai>our, the effect of which i.s negligible. The total 
pressure exerted at the point A is therefore that due to the 
column of liquid alone, 


n 


Mercury 

level 








yj 


Fw. I»5.— Simple FoniiJj of 
Barometer. * 
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ie. Pressure inside tube at A - hpg dynes per sq. cm. 

Outside the tube, at the surface of the liquid, the only 
pressure acting is the pressure of the external atmosphere. 

Now, at all points on the same level in a liquid, there 
is the same pressure, hence the pressure at A inside th% 
tube is exactly equal to the pressure at the surface outside, 
since A is at the same level as the external surface. 

The pressure at A is hpg ; the pressure at the surface of the 
liquid outside is the atmospheric pressure. 

Tlierefore the Atmospheric Pressure = hpg dynes per sq. cm. 

The Density of Mercury is approximately constant over the 
small range of temperature through which the atmosphere 
varies, and it is customary, therefore, to speak of the pressure 
in cm. of mercury. Strictly speaking, the exi>ression of the 
pressure in this way should be in terms of the length of a 
column of mercury at 0" C., but for ordinary purposes the 
variation of density is so small that the correction h)r tempera* 
ture need not be applied. When reqiiiied, it can be calculated 
without much difficulty (p. 180). 

Further, the value of g is not uniform over the whole 
of the earth’s surface, and a correction for latitude and height 
above sea-level sliouM be introduced, to bring the height of the 
mercury column to what it would be at sea-level in latitude 45®. 
This correction is never required exci'pt in work of the highest 
degree of accuracy. 

Since p and g may be considered approximately constant, 
the Atmospheric Pressure can be described as equivalent 
to a certain height h of mercury, this height being called 
the Barometric Height. It is the height of the column of 
mercury supported by the atmosphere in a barometer tube 
constructed as descri])ed. 

The Meteorological Office now expresses atmospheric pressure 
in units that are multiples of the absolute C.CJ.S. unit, and 
some modern barometers are gradiiatetl so that the pressure 
can be read directly in such units. 
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The unit of pressure used in piiietico is oalleil the bar, iiml 
is equal to one million dynes per sq. cm. Two smaller 
units are also used, the centibar and the millibar, beint^ 
respectively one-hundredth ami one-thousandth of a bar. 

The bar is e<iuivalent to a pressure of "o Ol cm. of mercury 
at 0® C. in latitude 15^ 

A standard atmosphere (76 cm. of mercury) is rather 
greater than one bar, being equal to 1013-2 millibars. 

COMMON TYPES OF BAROMETER 

U-Tube Form. — Fur roui^h work a simple U-tiilM‘ fun: of 
barometer is sutUeieiitly p»oil (Fig. Uo). 1'lie fret- surface in A 
correspomls with the ^urfacc in tin* tron^^rli in the typo already 
tleserihed. The tube is heiit near tlu* tetp, so that the two inereury 
surfaces of wlueh tlu* dill'erenee in level is to lu- measured arc in 
the same vertical line. 

These pt»rtioiis of the tul»t‘ sliould h«* fairly with* diameter, and 
e(pial to each utlu r in hore, so as to avoid any error in tlie lieight 
ol>stu*vt‘«l due to surface tensi<in (dlcM'ts. Thi‘ heiiflits are n‘a<l on a 
scale Usually cii^rraNed <»n the lulx-s themselves, and the Uaroinetric 
Hei^xht i.s the ditfen-iKM* lH*tweeii the h*\els i> and A. 

'Phe aceiiraey ohtaiiiahit* with this form is nf>t \erv uieat : tin; 
error in each n.nliiur may he as mneh as half a millimetre. As 
fff’o readings haw to he taken, the possible error is thus iMpial to 
one milliuietre. 

Fortin’s Barometer. — 'Phis harometer is usually to he found 
in physical laboratories where aeeuralc o]>ser\ation of atmospheric 
pressure is required. 'Phe apparatus docs not ditVer from that 
of the .simple type of harometer tube lirst described (p. 1 74), 
except in tlie mariner of taking the readings of the two levels 
of mercury. 

E.xpt. 71. Reading Fortin’s Barometer.— To determine the 
height of tlie inert iiry eolumn two acljustiinmts are necessary. 

(i.) Aetjustment of the Reservoir.- -At tin* hotto»n end 
of the tuh<* the men uiy is carried in a h‘ather hag, wlii<*li can 
Lc altered in shape by a serew A (Fig. 00) hearing against its 
base. Fixed to the framework of the haroiin-h'T is a small 
ivory point P which is the zen» of tlu; harometer .scale. 
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Tlic iiuircm-y surfarc is adjusterl up to tins ivory 2»oint by 
Hurling Dio si-row A, tlio arljustniont lioing 
iiiiulo until tlio i»oint and its image (reflected 
ill Die mercury) are just seen to touch vdtho'ut 
amj (.hprennloii htlmj vidUe, in. the mercurj; 
sur/ffr,' at tlie jioint (Fig. OS). An extremely 
line adjustment is tlius rendered ])ossibIe, if 
Die mercury surface is suitably illuiiiinated. 

(ii.) Adjustment at the Upper Surface. — At 
Die u[)|»er surfaco tli(‘ ailjustna'nt is not (piito .**(> 
siui]ile. llouial the glass tube is litted a brass tube 
S, ^vllicll is moved iqi and down by a milled head H 
( Kig. Ob) at th(3 sidti of the ap] jaiat us. This tube has 
the bottom edge cut so that the back D and front C 
of the bottom edge are exjictly on the same level (Fig. 
JOO). If the eye is 2 »lace<l /jvJnir the h‘vel of the>e 
two, Die baek edge can be seen as 
well as the front. As the eye is 
raisi‘d, the’ baik e<lge gradually 
shows l(‘.ss and le>s, until irhf'fi 
the t tn in intrf/t/ level V'ith the 
hitttmn (tf thin tuhe^ the 

h*iek (•life in fiinf cov»‘refl hy the 
ft'tnit eJye, 

The eye >hould be ]>laced in 



¥■ 


V 


/ \ 




Mercurg 
■ too loiu 


Correct 

“adjustment 


a 4 


Mercury 

too high 

Note distorted 
reflection 


Fica. —Fortin's 
Muroinotfir. 


Fic. ‘.'7. — Iti'servoar of 
Fortin's Uaronietor. 


Fio. OS.— Ailjustiuent of 
lloservoir. 


such a [losition that tlie back edge is just covered hy the 
front edge in this way. 

N 
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The hmss tube should then lx? iiiove<l until the front ed^jje 
is just on a level with the top 11 (Fig. 100) of tlie curve c»r 
* meniscus' formed by the mercury surface, keeping tin* eyo 



exactly leu*l with the edge of the tube os 
it nio\es. 

Noth. —If the eye is placed too high, 
the hick edge will he covereil by the 
front edge ami the adjustment will 1 k‘ in- 
accurate. It is theri'forc iinpc»rtant to 
ftnse the et/e until tin htirk (flt/e nnli/ jimt 
hehunl the front : this is the 
null/ test <»f accurate le\el. 

When the movable tulx? has l>een :id- 
jiiNted accurately, the ‘lightest m«ooimnt 
of the eye downwards should bung tiio 
back edge of the tul)t‘ into view\ \N hen 
the eye is raised to the torrect lex el .igain, 
the middle of the fiont edge should just 
1)0 tangential to the suifacc of the mcrcur}, 


Fki. — Ban)ni«*tpi Scaltf*! 
and \ erni* ni 


a little light being seen through b(*tween 
the eilge ami the mercury smtace at the 


sides. 


The small brass tube cairh*s a >ernier scale the zero of which 
is lex el with the lower (*dge : this tdge usually projects dowuixvards 


<1 



Kii.. Adjusiim'nt oi Xoriii'*!. 

just at the sides to avoid wear on the corner. The frame of 
the instrument carries a scale along whuk th(> vernier slides, and 
the reading of the vernier on this scale will give the position of 
tlie surface of the mercury. The scale is graduated only over 
a few centimetres near the top, but its zero is the ivory |)oiiit in 
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the lower reservoir Hence the reading of the scale shown by 
the vernier gives the Barometric Height. 

Hoad and record the Barometric Height as given by the 
scale and vernier. 

Among other forms of barometer in common use is the recording 
U-tubc tyiKj, which records the motion of the level in the lower 
tul>e by a float which is getired to a j)ointer. Anotlior form is like 
Forti^l^s in construction, but has no adjustment of the reservoir, the 
divisions on the scale at the top bcung made not quite true inches 
or cm., in order to coinpimsate for the altenition in level in the 
reservoir. Neither type is pf a»iy value for scientific work. 

The Aneroid Barometer. — A very convenient tyj^e of barometer, 
and one which, in its modern form, is capable of considerable 
accuracy, is the Aneroid. It consists of a metal vessel which is 
evacuated completely and hermetically sealed. Any variation in 
barometric pressure will deform this vessel somewhat, the deforma- 
tion produced being proportional to the change of pressure (see 
Hooke’s Law, p. 109). By levers and watch-gearing, this slight 
deformation is magnified so as to move a )>ointer over a scale, and 
by the motion of this pointer the variation in the Barometric 
Height can be obtained. ^ 

The api)aratus is of course not absolute] it has to be calibrated 
by comparing its indications with a mercury barometer of the 
Fortin type, but when once ailibrated, it can be relied on to give 
consistent readings for an almost unlimited time, and with well- 
made watch-gearing is quite free from ‘ back-lash.’ As it can be 
constructed in a compact fofm, it is extremely useful where port- 
ability is desirable, though if subjected to considerable variations of 
temperature its readings will not be quite accurate, as the elasticity 
of the metal vessel is affected by temperature. 

Expt. 72. Measurement of tbe Height of a Building 
using an Aneroid Barometer. — Take an Aneroid Barometer 
with a finely divided scale and observe the diJFereme between 

. its readings wlien at the bottom and at the top of a building. 
Let the observed difference be x cm. of mercury. 

This difference corresponds with a difference of level in air 
equal to the height of the building h (say). For small differences 
in level the air may be treated as a fluid of approximately uniform 
density. The difference in pressure between the two points would 
then bo hp^gy Pi being the density of the air. 

This difference in pressure lias been measured, and is found 
to bo that exerted by a column of mercury x cm. long. 
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Thus — .17)7, where /) is the density of mercury. 

Neglecting slight variation of due to temperature, we may 
Avith sutKcient accunicy take /)— L’M> and />j =- 0-00129, botli in gni. 
per C.C., and we obtain 

'^'“‘'“000129* 

Verify the reMilt obtained by actual measurement. 

AiuToid Harometers for mountaiiu'ering are often graduated 
dire<-tly in /W/ or /ntfns, 

CORRECTION OF A MERCURY BAROMETER 
FOR TEMPERATURE 

'i'he rehding of a barometer requires corrc(‘ting for tempera- 
ture, in order to (‘xpress the ])re.ssure of the a!mos])here in 
cm. of mercury at 0 (\, or in dynes per sq. cm. 

Let the l>aroincter Jusiding be JI cm. 'Diis reading is really 
not obtained in <'in. but in .'•w/Zc dirisioifs, tlii^ scale divisions being 
<•111. only at some temperature Z„'(‘. (usually lo’C.). If tlie 
teinptjrature ot the room is Z'C., eat‘li division is of length 
{ 1 -f- ^(Z - Z,dJ eiu., ^^'here Zy is the coellieient of ZZ/OYfr <-\pansion of 
tile scale (usually of brass). 

The art uni of the mercury coluinu is thus 

AVe liave thcrebae a c(»]iuiin of mercury (»f hciglit Hj cm. 
at a tenq»erature t 0. 

it is re<piired to tind wliat height of mercury Jf„ at O'" C. 
would exert the .same pres.sure as tliis coliiinn Jf^ exerts at Z' C. 

The pressure of 11^ cm. of mercury at O ’U. is 

tlynes per .s«|. cm., 

being the den.sity of inerciuy at 0 C. 

The j»re.ssure of tin- column 11^ cm. liigh at C ( ’. is 

Hj/qy dynes per .sq. cm., 

Pj being the density of mercury at Z" C. 
iVe have to find Jf,j .siicli that 

Now /),^ ^ p^i 1 -f aZ), Avhere a is tlie cf)eflici<;nt of cubical expansion 
of mercury. 
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1 rciicii j , 

i.i\ substituting for in terms of tlic reading K we have 




When this value lf,j, tlie erpiivahmt height of inereiiry at 0"' C., 
lias been calculated, the pressure in dynes iK*r s<|. cm. can be 
oldaineil from the ecpiation 

p^^ is llboDO gm. ])er s<j. cm., y is bsl*ls dynes per gin. or cm. ]K*r 
sec. p(T sec. (in London). 

Hence J*== 11^ x 1.3*o‘)b x DSL IS dynes jm i* s<j. cm. ^ 

A numerical exanij>le may be of assistaiK'e in explaining this 
methcid of eornrting the Barometric Height for ti'inperature. 

A liaroiuetiT with a Imiss mmU* ivads mi. ;ii Tie* scan* is 

giaduated to bo accuralc at 3a' C. Wh.it the le‘i;;lit of the b.iroiiiotcr 
rcduoiMl to O’C. ? Al^o what i*! tin* 2>r»*^^ur^• of tie* .iliiiOft|)h<‘rt* iu dyii**s per 
3(|. CIIJ. '/ 

Tluj cui'liiritMit ofUiuMi* exjKin.siou of bra>s --0*00()01S'J 2»i*r V C. 

Till* cot'llieieiil of eubieal exiiaiiNion of iiii reiny - - 0*000180 ju-r 1®C. 

rreim^l 4 0*00001 SOT 

" ' ’ H +^*‘30018 *. 18)* 

<ie9o'l(l 0*0000»jb / ) 

1 + 0*00821 ' ‘ 

This can be written a^ 


1 [y= 7r.*938(l + 0*0000567'^ - 0*00324), 
and then as Ify = 7re933(l +0*0000r»0r - 0*00324) 

to a very close degree of accuracy, and we obtain 
Hy = 7r».93;H0*99t>82), 

whence 11^=75*090 0111 . 

The inessiire in dynes per sq. cm, iu the exanqile given is 
r = tlyiies JUT sq. cm. 

= 75*090 X 13*590 x 981*18 
= 1,009,700 dynes jier sq. cm. 
or 1009*7 millihars. 


lilxrT. 73. Determination of the Atmospheric Pressure 
in Absolute Units. — Head the height of the barometer as in 
Expt. 71. lleail the temperature of the barometer by means 
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of the thermometer attaohctl. Apply the correction for 
temperature in the foregoing example, so as to find the 
pressui*e of. the atmosphere in cm. of mercury at 0“ C., and 
deduce the pressure in absolute units. 

Correction Table for Thermometer Reading. -It is con- 
venient to calculate in this way the correction that^has to bo 
applied at each temperature from O’" to 25"" C., and to Jun o this 
arranged by the side ot the thermometer for reference. If the 
corrections are cidculated for a reading assumed to bo 76*0 cm., 
they will be sufficiently accurate to apply to all ordinary baro- 
metric readings Nvithout modification. 

Formula for Correction at any Temperature. — The correc- 
tion is expressed sometimes also in the form: deduct B cm. fPom 
the reading obtained, and from the remainder subtract C cm. 
for every degree above 0® C. A formula of this type can be 
Worked out without much difficulty as an exercise on the equation 

r-a/ ■* 

This gives 11^ ^ H(1 - - (a - //)/), 

B (above) is 116/^, an approximately constant quantity, and is 
worked out for 11 = 7G cm, 

C (above) is H(a-i), artd is also apjwoximately constant; 
it is worked out on the supposition that II = 70 cm. 

§ 3. PRE.SSURE OF A GaS IN A CLO.SED VotUME 

The measurement of the x>ressurc of a ga.s in a closed volume 
is usually achieved by means of a U-tube conUining mercury. 
One side of this communicates with the chamber within which 
the pressure is to bo measured, and the other is open to the 
atmosphere. 

The difference in level hetweeti the mercury surfaces in the \J4uhe 
indicates the difference between the iiressure inside the sjpace and the 
atmospheric pressure outside. 

Thus, if the pressure inside the space (J is P (cm. of mercury), 
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and the atmospheric pressure (or Barometric Height) is H, the 
relation hotween P and II is given hy 

R=H + (B-A). 


U 


)b-a 


Vi* 


If B is below A, (B - A) is a negative quantity, so that the 
pressure F is less than H. 

If desired, the above expression can be rewritten as 
P = H - (A - B) to suit this case : the two 
expressions are algebnaically identical, and 
both perfectly general. 

Sometimes, where it is desired to avoid 
reading the Barometric Height, the surface 
B is exposed to an evacuated chamber, when 

P-B~A, 

but this method is rarely used. 

iriicn ihe tube B is to the atmosphere 
it is necessary to read the barometer as well 
as the difference in level betwt^en B and A before the pressure in 
the chamber C can be measured — this point must be noted specUdly, 
If during the course of an experiment the Biirometric Height 
varies, the quantity H used in the later readings will be different 
from that used earlier. 

Strictly speaking, the barometer, should be read immediately 
after every observation of corresponding values of B and A, though 
this is not required except in the most accurate work. The 
barometer should, however, be read both before and after any 
experiment on gases, and the difference distributed among the 
observations, according to the order in which they were made. 


, lOl.—Measurement of 
Pressure. 


§ 4. Verification of Boyle’s Laav 

To verify Boyle^s Law (p. 173) a quantity of gas is enclosed in a 
glass tube, and is separated from the external atmosphere by a column 
.of mercury. This mercury is contained in a flexible rubber tube, 
joining the tube containing the gas to a glass tube in which the 
level of the mercury exposed to the air can be seen; or, as an 
alternative arrangement, the two glass tubes may bo sealed together, 
and both connected with a movable reservoir as shown in Fig. lOi 
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III the host forms of instniint?nt the closed luhe tlie 

air k graduated in o.c\, a burette calibrated to tlie tap being con- 
venient for this j»uri)oso. If this form of burette is not available, 
however, a square-ended glass tulie of uniform bore may be used, 
the volume of air it contains being proportional to the length of 
tube between the level of the mercury and the S({uare end. 

The apparatus of the burette typi' is more convenient to ailjust 
ami to read than tliis simpler form. If great precautions are to be 
taken, it may ]»e fitted with a drying tube, so that tlie air in tl'’‘ 


tube can ]»e 


quite dry 



I'efore eloping tlu* tap. It is inq«oriaiil 
that the tap sliould lit \erv a<*eiiratel\ 
otlierwi-e l•‘ak>^^ilI (^e«‘ui a! liigh 
and the qii.uitity of g.i-^ exptriineiiteil f»n 
will elunuied, lliu-N \itiatiu'.x all the ii-ad 

I'.MT. 7 I. Verification of Boyle’s 



Law (Apparatus I.).--'ria‘ im ilMHi .‘f 

u-iiig tlii'' t\pr (»f apparatus i- 

Tlie taps A and li are bnlli opened, 
4ind nierem v is f'»reed uj» tlie I)iin*il<* 
to tie- j.ip JJ by rai>ing the re-i(‘rvoii 
Air then alloued to (‘liter 
lliioiigli tlif-e taps lo lowering (' 
air.ii.’i, till tin* bun lie is tilled to J) 
with dir. Al^ait .’><! c.e. (/f air should 
)»• admitted let ween Hand I >. 

Th»* tap A is closed, and the air 
all forced up into the dr\iug tulni 
ag.iiii by raising C till the mereury 
n*ac lies Jh 

The gas is left ]H tw'c<.*n A and H 
for a few* minutes to dry it complelt ly, 
and (1 is then lowered till the level 
of the mereiirv in the burette is at 


Fi'.. 1 "-’.— LmW 

(Ai»iiarritiis I.). 


I) again: by ibis means J5D is lilhd 
w'itli air whieli is practically dry. H 
is then closed so as to coniine a(h‘linite 
quantity of air b(*tw'ecii and D, ami 


th(j at»j»aratus is ready for tlie experiment. 

Hy raiding and lowering (1, various pressuri’s can be cxertcjd 
on the gas in the burettt;, and tlie volume- of the gas w'ill Im* 
altered until its pressure is equal to the pressure (,*xerted 


on it. 
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level of the iiiercmry in the other tul)0 (F) will t>c the same 
as the level in the reservoir C, since botli surfaces are exjiosed to 
the atmosphere. 

If for any j)osition of the reservoir tlic level in the si<Ie tube is 
F and the level in the burette is K, tlie pressure on the gas inside 
the burette is given ]>y 

F-lf+(F-K). 

where II is the liaronietric Height. 

'Flit* le\els F and K are read on a vertical scale [»laced 
imni('diat(‘ly lK‘hind the tubes. 

Jhvssiiivs belli above and below atino.spheric can be userl in this 
form of apiiaratus if the burette and the side tube are both long 
iiough, tlnj h!\els F' and 1*7 l>eing two eorre>j Maiding values, when 
tlie pre^^^ure is lM‘h)w atmo>|»]u*ric. Sn«-h a ea>e is <»btained by 
lowering (' to sonu* ]K)sition such as that >ho\\n ilotted (Fig. 102). 

The volumes are the spaces between B and K, 15 and E', etc. 

Adjust tlhJ level of the re<»-rvoir to scver.il ditlereiit lu‘ights, 
so tliat half the ol>H‘i\ations arc* made with pressures Ih'Iow 
an<l half with j»ressures al)ove atmospheric. 

( alculate tJie tf>tal j»ressure in the burette in e.icli case (tlio 
barometer must ]»e read before tliis can be d'^je), and note abo tlie 
vnhtun* of tile ga< in the burette under each pn-sure. ^how that 
the jiroducl iVessuri* x N'olumc is tin* same fur e.u'li adjustment 
made. 

Arrange your observations thus — 

ri.ipnnrtia* H - , . . cm. 


I 

i ill 

Sid** 1 ul»' F. 


Kradni^ 111 
jl'iii-tt*’ K. 

r-K. 

“ V> ^ V. 

- 1 . 1 

1 

V\\ 


Jl.llf llu-sf 




<]U.-intitics 
will l*c 




iicgativi*.} 

* i 




1. 1 



Ill* careful not to add F-E in cm. to 11 measured in mm. 
Both 11 and (F-E) must be in em. 

If the tube enclosing the gas is not jirovided with a taj) at the 
top it may be tilled with gas and the t*xperiment thou carried out 



A TEXT-BOOK OF PRACTICAL PHYSICS 


rr, I 




an already descrilxjd. . If, however, it is required to obtain observa^ 
tiona at pressures below atmospheric, the tube will have tO' bo 
heated considerably before closing with mercury. 

The tube must be allowed to get quite cold again lK*foro the 
experiment is commenced. 

Adjustment of the quantity of air in the tube in this way Is not 
very easy, and frequently leads to fracture of thii tube : it should 
never he attempted hy the student. 


Where the apparatus with the burette arfd tap is not avail- 
able, it is often preferable to use two forms of apparatus for 
verification of Boyle’s Law instead of adjusting the 4|uantitv of 
air as described above, (^ne form of apparat n may be used 
for pressures above, and the other (or pressures ]>elow atmospheric. 

It is advantageous to use apparatus of these two 
a C 2 II forms even where the first typo described is also 
used. A greater 'fnful variation of pressure is 
possible when two such forms 4)f apparatus arc 
used than with the single form described, and thus 
tlie law is verified over a wider#rangc. The 
student is also made familiar witli different forms 


of iipparatus which may be used for the measure- 
ment of gas pressure. 


Expt. 75, Verification of Boyle’s Law, 
Apparatus II. (for Pressures above Atmo- 
spheric Pressure). — The i)re.sent apparatus is 
used for verifying Boyle's Law for cases in 
whieli the pressure is yreoOo' than, the pressure 
of the atmosphcTe. 

Tlie air to Ixj experimented on is contained 
in the glass tube A. The lower part of this 
tul)e is in connection with a reservoir of mercury 
C and a pressure tulni B. A certain mass of 
air^s enclosed in A at a pressure equal to the 
atmosplieric pressure plus the pressure due to 
^difference of levels in A and B. The atmo- 
spheric pressure must Ije found by reading the 
]>arometer; let it be H cm. of mercury. The 
volume of the gas may be taken to bo proiiortional to AE meas- 
ured on the scale attached to the apparatus. The position of 
the top of the tube A containing the gas is noted on the scale. 


Pio. 108. —Boyle’s 
Lftw (Apparatus il.). 
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If we raise the reservoir the pressure on the air in A S 
increased and the volume diminished. 

The pressure is ecjual to the pressure of the atmosphere 
plus the pressure due to the column of mercury F£^ that is^ 

P = n + (F-E). 

The new volifine is equal to V, and is i)roportional to AE. 

In the same way determine the values of P and V corre- 
sponding to other positions of the mercury reservoir. 

Calculate the valiu's of the j>roducts PxV. These should be 
constant if Boyle’s Law is obeyed. 

Enter the results in tabular form as for Ajjparatus I. (i». 185). 

Plot a curve slio^^ing the relation between the pressure (as 
ordinate) and the volume (as abscis*>a). This shoulrl l>e a rect- 
angular hyperbola. 


Expt. 70. Verification of Boyle’s Law, Apparatus in. 
(for Pressures below Atmospheric Pressure). — This third 
type* of a]iiiaiHtus used for the 
verification of Boyle’s Law enables 
us to work over a wide range from 
atmosphere jiressure dowiiioartU, 

A very convenient form consists f»f Equivalent 
a uniform glass tube, whieh can be 
raised or Jow'ered inside an iron tube 
filled •■with mercury. The iron tulie 
widens at the top into a liowl-shapcd 
vessel, this w idening enabling the inner 
tube to be raised or lowered consider- 
ably, without causing any Umje change 
in the level of the external surface of 
•mercury. 

The pressure of the gas in the inner 
(glass) tube is less than atmospheric 
pressure, by the height to which the 
mercury ill the inner tube stands above 
the level of the mercury outside. 

Tliis is measured by adjusting 
a steel pin, fixed to a vertical 
metre scale (Fig. lOI)? ^^dil its 
point just touches the surface of the mercury in the bowl. 

The height of the column inside the tube is given by the 
reading B (Fig. 104) plus the length of the pin (a* cm.). This 



Pia.*104.— Bo>le*8 Ijiw 
(A pparatus 111.)* 
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is the amount by which the pressure of the inside is irsM 
than the atmospheric pressure. 

The volume of the gas proportional to the h'liotli of tube it tills, 
if the bore is uniform. 

A mark on the neek of the tiiU' ju>t beneath tin* ta]» rejnesent^ 
the ‘e<iuivalent top ’of the tube, /.c. where tin* top of the tiilie would 
Ik* t/if WttY ot Hn ‘ti,vnt all fitf ivau ami ta t/u‘ sn/zn’ rolin/tt* 

as thy actual volutm. 

The distance bctwtvn thi.N niaik ami the level of tin* mereu' V 
in the tube is proport i(»ii.il ti» the ri>lumr of tin* ^as en<*lo''ed. 

Dt‘pre'i'5 tin- tube, with tin* tap //, until the tojj of 

the tui't* NtaiaK .ibuiit io lun. abo\(‘ the U'\el I’f the nii*n uiy ii- 
tin* tiouirh. 

( 'io'.e the tap eao fulh. pres^in^f it inwards eeiitly whil-t 
turnin^L' it. .uitl <l>> n‘>t t*>nyfi it naaia thn iua th> # 7/'»A nf th* 
otherwise nion* air will br admitlt‘d into tin* tub«*, 
and the mass of u^as u^»*d will thus !>»* altered. 

The prrs>uro of tin* air eiielosed in the IuIk* is now (‘tpial to 
the atnio^plii'i’ie presxur»». 

Adju-i the metre seale >o lh.it the point of the steel pin just 
touehe^ the surf.e e (»f tin* inereury in the bowl, and lind the 
readinoon thexal**, le\el with the ‘eijuiv.denl topN>f the liilx*. 

llai'C the tube until tin* iin*ieury Ii*vel iusidi) the tube is 
above the zero of the iiietie M*ah*. Adjust the ]>in until it 
just touehfS the iiieieury surface in the bowl, and lake the 
readino (A) on the >cah* le\ol with tin* ‘e«|ui\aleut top^ of 
the tube; also read the leM*l li (»f tin* surface of the mercury 
ill the tube. 

ihii.se the tubv* a few ceiitiiiiel les at a time and lepial 
rcadin^fs A and lCAz/ ///y rfm* /o a^IjiKt ihf jnn until it tonrhy.f 
the inn'cnnj m thy fnnt'l In tore takhaj varh ut' rraihufjs. 

Continue thi.s until, if tin* tube w(*r(i laised any higher, 
there would b** no mer(*ury left in the- bowl. 

At lea.st si.r >et.sof (ib>ervation.s slioiild be taken, distributed 
uniffiriiily over the range c^f pressures used. 

Dei>ross the tul>e again to the first ])osition in which 
readings were taken. If the first readings are not ri*iM*ated, 
some air hiu.st have leaked in through faulty elo.sing*of the 
ta[), and tin.* experiment niu.st be repeated after seiung that the 
ta[i is juoperly closed and air-tiglit. 

Read the barometer and express the jiressure of the atmo- 
sphere in centimetres of mercury. 

Tabulate the results of the observations ; — 
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Jicadiiih' A. 


llfadiii;* H, 


. )*n*ssurc P 

i j). 


Volum« V 
=A-n. 

rv. 




'rin* values ill tlie la>t eoluiiin .•^lioiild ].<• coii>tiiiit. 

J’lnt 11 takiii;^ tie- v.ilius «»f tlie ]MX‘»ure as onlinates 

and the values (»f tlu‘ \<*luine as ahseissa-. The curve should 
lie a reidani'iilar hy[»ei]H»la. 


In this M'ay it is [lossihlc to verify llic law »if I’Miyle that the 
volume of a fixed ina>s of eas varies inversely as the pressure 
when the temperature is kept constant. 



CHAPTER XI 

SURFACE TENSION 

§ Ir Dkfinitiux of Sriu ArK Tknsion 

The surfiice of a rujuid acts everywhere as though it were 
in tension ; the .analogy of ;i stretched rubber menibrane is 
frequently used to illustrate this, but there is one importiuit 
difference to be noted. If <a rubber membrane is stretched, the 
tension exerted across any line in the mtunbrane is increased as 
the extension is increased, wliile no such increase of tension 
occurs in the case of a liquid surface. 

The tension in dynes exerted across unit length of any 
line imagined in the surface of a liquid is called the Surface 
Tension of that liquid. 

The surface tension depends not only on the liquid itself but 
also on the medium on the other side of the surface. Thus the 
surface tension of a mercury surface exposed to air is entirely 
different from the surface tension in a surface between mercury 
and water. The effect of the second medium is extremely marked 
if the mercury is put in a weak solution of potassium dichromate. 
The mercury then loses its ‘mercurial' character and exhibits 
a sluggishness entirely different from its mobility when in contact 
with air. 

Whenever we speak of ^the surface tension' of a liquid, 
therefore, it must be understood that we refer to the surface 
tension in a surface bounded by the liquid and by air. 
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§ 2. Effects of Surface Tension 

* CAPILLARITY 

When a fine tnl)C is filled with li(|uid and its lower end 
is placed beneath the surface of some of that liquid in a 
large vessel, at first the liquhl will flow ^lown and o\it of the 
tube, but eventually a column ol liquid of measiimble height 
will be left in the tube, projecting alwve tlie level of the liquid 
ill the large vessel. 

This column of liquid is siipiKirterl ])y the tube as a ro.siilt 
of surface tension of the liquiil, and the .surface ten.^ion can be 
determined from the height’of the li<|uid columif and the dimen- 
sions of the tube. 

Let the radius of the tulie be r cm. and the surface tension 
of the liquid be T dynes per cm. At the line wdiere 
the liquid surface and the tulic meet there is exerted 
at riglit angles to their line of contact a force T 
dynes on oacli centimetre of that line. 

This force is exerted l»y the suiface of the liquid, 
and acts in the liquid surface at right angles to the 
line of contact. Thus, if the bingent to the liquid fio. los.-Force 
surface at this line is at an ancle a with the 1"® Surface 

, Tcusioc. 

Side of the tube (Mg. lOo), ^ve have a force acting 

at an angle a to the vertical, the magnitude of this force being 

T dynes per cm. 

On the whole line, of length 27rr, the total force would be 
27rrT. But this is acting at all points at an angle a to the 
vertical ; therefore the vertical component only will have any 
effect, opposite sections of the line exerting forces w hose Jiorizontal 
components neutralise each other. There wdll thus be a total 
force equal to 27rrT coh a exerted by the liquid on flie tube across 
the line of contact, this force being exerted doionwartls by the* 
liquid on the tube. 

There is therefore an v/nvitnl force of this magnitude exerted 
by the tube on the liquid since action and reaction are equal 
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and o])posite, the tube exerts foicos on tlie litjnid, an-oss 
the lino of contact, such that the total upward force exerted 
on the liquid by the tube is 

2r/*T cos a times. 

This force sujiports ilie column t>f litpud raisetl above the 
level outside, heneo, if we can find the weight of the li<iui*l 
column, its weight must be iMtual to tin* abov*' for<<‘. 

Weight of Column raised.- The column c\lindneal up t« 
the base of tlic mcnisrus. Abo\e tills its \ ’umc is approx i 
inately the ilitlcrciua* lu twctui a Ihunispberc of radium r aiul tin 
ci rc u msc r ibi n g r y 1 i i id < * r. 

If the bottom of the uieiUNeuN is at a heii;hl // abo\e ilii- fire 
surface oiusidt‘, \\c ha\e 


\*olunie of eolmun raiseil tti-Ji 
L»‘t h r \f' be indieated by A . 

Then it f> is the den>ily of tin* liipiid, tbe J/ti.-s of tin*, column 
raiscil is Trr'Jt'fh and its If f lih^ is d\’ni‘s. 






'riuis 

AvlieuCi- 


T 


Fu;. l"ij. — Kil*-ct.s of 
Stirfaoo T^*nsioii of 
Mi'icury. 


eos il 77/ 'li jVly 
/;>/)</ ^ 

*J eos n 

]*’or all liquids whieb tnf tlie surface, a 0, 
and iherefoi'e eos e — 1, so that, in this case, 

■j’ =. I”' 


The chief exeejitioii is mercury, for which a 
i.s greater than \ so tliat cos a is neg.itive ; thus h is negative 
in the case of mercury, due to the negative value of eos a. 


J^^\T*T. 77. Determination of the Surface Tension of 
Water by the rise in a Capillary Tube. — (Jlean a eai»illary 
tube carefully with caustic! soda ami then with iiitrie acid,^ 
wasliing out tlu! nitric a<-id with considerable f|uautities of 


* Caustic so<Ia is msimI first to remove any frreasc in the tiihc ; it is iisr<l 
hp/ore the acid l)ecause it cannot lie wa.shed out sr) easily with water as tlie 
acid can. 
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mter, Flaco the tube in a tfUn glass beaker with vertical 
sides containing water, depressing it so as to fill the tube with 
water and then raising it till a column of water is supported 
in the tube. Tap water should be used rather than distilled 
water, as the surface of the latter is often contaminated with 
a film of grease. 

Measuring the Height of the Column.— This may 
be measured directly with dividers, setting tlie dividers so 
that when one ])oint is just at the 
surface of the Ihiuid in tlie beaker 
the other is at the level of the 
iiicniscus in the tube. 

Frequently, h<)we\er, a catlieto- 
ineter microscope is used. The 
microscoj)e is focussed iiist on the 
meniscus, tlien on the ])oint of a pin 
which is just ftof touching the water, 
the microscoiK) being set so tluit 
when the images of the pin and its 
reflection are viewed through it, tlie 
cross-hair is exactly lH*t\\een them. 

The vertical distance through >\hich 
the microsco]>e has to 1m* raised between these two positions, is 
measured on the cathetometer stand of the microscope, and /i 
is thus obtained (piite accurately. 

Measuring the Bore of the Tube. — The iwre of the tube 
is measured by drying the tube, dm\^ing a thread of mercury 
into it, and measuring tlie length of the thread w'hile in the 
tube. The thread is then run out into a weighed w'atch-glass 
ami its mass determined. From this 
m.iss the radius of the tu)>e may l)e 
calcMilatcd, assuming a knowledge of 
the density of mercury. 

Mass of mercury thread = 7rr-/'p', 

Fi... 10N-Men.«ry Thre»d. P ‘I*® 

/' the length of tJie thread. 

In measuring the length of the thread, it will be noted that the 
ends of the mercury are not flat, hut curved. If the length of the 
cylindrical imrt of the mercury thread is /, and the total length of 
the ftro curved ends together is .»•, the volume of the mercury thread 

may be taken as .. 2 « 

Trr-VH- TrrV, 
o 
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and ojiposito, ie, the tube exerts forces on the liquid, across 
the line of contiict, such that the total upward force exerted 
on the liquid by the tube is 

iV/r cos a dynes. 

Tins force supports the column of liquid riiise<l above the 
level outside, hence, if we can hnd the weight of the liqiiiil 
column, its weight must be equal tt> the above force. 

Weight of Column raised. — 'Fhe column is cylindrical up to 
tbe base of the menis«‘us. Above this its volume is approxi- 
mately the ditVcivnce between a bemispbere <>f radius rand the 
ciroiimscribing cylinder. 

If the bottom of tbe meniscus i> at a height // above the free 
surface outside, we ha\e 


Volume of column raised • \r/** 

i’.V]. 

lA*t It T Ir be iinlieatc<l l>y h\ 

Then if /) is the density of tin* li<jiu<l, the Mu,\< of the column 
raised is Trr^h'f), ;nul its i< -r-l/fv/ dynes. 

I hits eos a TT/ *7/ 

// 'rpfj 


wluMicc 


T 




2 cos fi 




Fi<;. Kiii'Ctrt of 
Surface T*ni'»iori 
Mciuiry. 


Foi' ;«ll liqiiicls which tnf tlu' .^urfacc, u • 0, 
and therefore cos fr = l, si) that, in this case, 


The chief exception is mercury, for which u 
is greater than 00 so that cos a is negative; tlttis // is negative 
in the case of mercury, dtic to the negative valtio of cos a. 


Exi'T. 77. Determination of the Surface Tension of 
Water by the rise in a Capillary Tube.— (’lean a capillary 
tube carefully witli caustic sejda arul then witli nitric acid,* 
washing out the nitric a<*id with considerable rjnantilies of 


' Cau.sti‘: ftotla is to rciuove nny in Uit* tulK* ; it is nsril 

hf’/tyreihti acid l>ecausti it cannot washed out so easily with water as the 
acid can. 
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water, PLaco the tube in a tfdn glass beaker with vertical 
sides containing water, depressing it so as to fill the tube with 
water and then raising it till a column of water is supported 
in the tube. Tap water should be used rather than distilled 
water, as the surface of the latter is often contaminated with 
a film of grease. 


Measurinsr the Height of the Oolumn. — This may 
1)6 measured directly with dividers, setting the dividers so 
that when one point is just at the 
surface of the lupiid in the beaker 
the other is at the level of the 
meniscus in the tube. 

Frequently, however, a catheto- 
ineter microscope is used. The 
microscope is focussed first on the 
meniscus, then on the iK»int of a pin 
wliich is just not touching the water, 
the microsco\)e Ixdng set so that 
when the images of the pin and its 
reflection are viewed through it, the 
cross-hair is exactly b*tween them. 

The vortical distance through which 
the microscope has to be raised between these two positions, is 
measured on the cathetomotcr stand of the microscope, and k 
is thus obhiinc<l quite accurately. 

Measuring the Bore of the Tube, — The bore of the tube 
is measured by drying tlie tube, drawing a thread of mercury 
into it, and measuring the length of the thread while in the 
tube. The thread is then run out into a weighed Avatch-glass 
, , and its mass determined. From this 

mass the radius of the tube may l>e 
calculated, assuming a knowledge of 
the density of mercury. 



I I 




Mass of mercury tliread = 7rrH'p\ 


Fu!. 108.— Mercury Thread. 


p being the density of the mercury and 
/' the length of the thread. 

^ In measuring the length of the thread, it will be noted that the 
ends of the mercury arc not flat, hut curved. If the length of the 
cylindrical part of tlie mercury thread is /, and the total length of 
the two curved ends together is .)■, the volume of the mercury thread 

may be taken as 2 „ 
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the value of ilie stroinl torm Ihmh^ nhtaiiuil on tin' . ^umptiMn 
that the ends are i<oini-i lli[Ksoulal in sliape. 

Thus, the mass of the mercury is 

The lengths I aiul V are to Iv measurcil as accurately }H»ssil»h*, 
and the value of .»• found by taking the ditlcrcnce between tlicm. 
The value of r must then Ik? calculatetl. 

Another incthcKl is to out oil* the tuln' at the pl.ieo where the ineni^eu.J 
stood, and to mount this in a stand so as to viiw it in >eeiiMn with a 
niicroscupe. The >i/c of the im.i^^e of the hole a^ view eel in the inh*ro»*eo|*e 
is measured on a iiiicTomoter >c.ile in the foeal jilam* i>l liie eye*[tiisi. Tlii> 
liiieroiiietcr is tl:*‘n e.ihurated hy viewing a "Mndii l ^»'i!e, .uei Iiiehng 
the nuniher of divi>i»m- of tin' miortmieter eye-pi* ee wlii< }i enirrsii .n-l with 
one millinutre of the >tan«i.ir»l M'ale, th • mmU- ht'ing \itwe'l wiili the 
iniero->eoj»e in the >aniij a'ijU'.imeiil .i> when >iewing tie- tid" .•'*•* li«>n. 
(See p. J7.' 

Tiie iJietiiol witji til*' iiiereuiy line el is min*h ih'T* ,i- '‘ ijmI*- Him tlii’. 
S*'Con«I methoil. I’l.etnhoean )*ete't»d l** '•re W net ll* l tliehul*- 1 ^ i. lit {• *1 lit * • S’ 
nut l*y inea^iniiig the threa*l in 'lilfeieiit po.iiit.n-.. !*•■ .!■ iie 

before carrying out tlie U'-t of t'.*' e\p**riineiii. any tui**‘ wliith * ^itibiN 
marke*i ine.|uaiiti*.s in tlie i’ur* b* mg di'* unit *1. 

The e.\|K*riinrnt ^Iif*iild {HTfornc’d for tlin*** tubus of ilitforunl 
b*»n*, an<l h "hoiihl U* sh<oMi to bu invrr>ujy proporlimial to t\ 

If any liijuid other than w;it«*r is u>ed, its density must bu 
determined before T can be <’alcul.ite<l. 


PRESSURE DUE TO CURVED SURFACES 


Pressure inside a Soap Bubble. — Inside a soap bubble, the 
]»re.ssure is greater than atmospheric by 
a small ipiantity p. Considering the 
efpiilibriurn of the upper hemisphere, this 
excess pressure acts on the upper hemi- 
sphere, and produces a resultant upward 
force on the hemisphere of magnitude 
tending to blow the upper and 
h>wer liemispheres apart. 

The two hemispheres are kept together by the surface tension 



Fio. 109. — Pr^issur* in S'*ap 
Jliibbie. 
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fon;os ;u*liii ;4 in thcj twn KurHices cif the film round the line of 
contiict, .»nd the Imlilile ex]):inds until the surface tension forces 
just iiouiralise the disruptive force 7>7r/*-. 

Tlic line of contact ]»ctwcen the hemispheres in each surface 
is of length 27rr, and hence the total force due to surface tension 
keepiTig the hemispheres together is 2(27rrT), since the film has 
two surfaces. 

Thus 47r/‘T — ^>3rr‘“, 


or 


T ^ 


r 


i'xiT. 78. Surface Tension of Soap Solution by Pressure 
in Soap* Bubble. -Ulow a Miiall hul)]»lo on the end of an 



apparatus as depicted in Fig. 110, hy gently jmdiing a glass 
hmI a into tlie ruhln’r tuhe 15 attacheil to the side. 

lly means of a travelling microscope with vertical and 
liorizontal scab's, measure the dimension of the bubble acro.'^s 
a horizontal diameter, using the vertical crosshair of the 
microscope adjusted tangentially, tirst on one side, then on the 
other, of tlic image of the bubble. 

Measure tin* difference in heiglit 7/ bi'tween the levels of 
the water in the tu)»es C and 1>, using the vertical .scale of 
tlie cathetoineter. 


Then tlie jiressure excess inside the bubble over tlie atmospheric 
pressure is 


p == hptj dynes i>er sq. cm. 
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/os= density of water in bend of U-tube; r has Wu measured 
already. 

Calculate the Milue of the surface tension in dynes iht cm. from 
the equation 



Make observations i>n two or tlm*c bubbhs ()f difturciit sizes. 
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ADDITIONAL KXKRCl.SES ON I'HOI’ERTIES OF lilATTER 

1. Dniw a flcctor of a circlo (nKlitts 15 cm.), containing an angle of 150*, 
nuMaure its urea with thep|»hiniinctcr, an<l verify the result hy means of the 
balance. 

2. Draw* an cllij»so of major axis 20 cm. ami minor axis 10 cm. and 
measure it.> urea with llte ])]animetor. 

y. Find the area ami density of the given plate )#y weighing it in air and 
W’aterand measuring the thickness. 

4. Kind the average area of cross section of the given wire hy means of a 
metro scale and a liydrostatic halanec. 

5. Find the length and specific gravity of a given tangle of w*ire, using a 
hydrostatic halanco and a micrometer s<;rew. 

(5. Fimi tlie s|M*eiri<' gravity of a solid hy weighing it in a liquid whose 
specific ^ra\ity is given. 

7. Weigh the given .solid in air, in water, ami in the given liquid. Deduce 
tile s}K*citic gravity of the aietal and of the liquid. 

8. M ike a solution of sugar and water w hich contains accurately 10 per 
cent hy weight of sug.ir, and determino the sjieeitic gravity of the solution. 

9. iVopare a solution of common salt in water containing 15 gm. of salt 
ill 100 gm. of solution and tind its density. 

10. Find the density of a litjuid which is denser than water and does not 
mix with it, hy pre|iariiig a salt solutiim of equal density and determining 
the doiLsity of this solution. 

11. Calibrate the given huretje hy means of a balance. 

12. Find the internal volume of a deliiiite length of the narrow bore tube 
provided, and calculate the mean internal diameter. 

18. Measure the radius of the sphere provideil hy means of the sphero- 
meter, find its weight and deduce the density of the material. 

14. A hoily is supixirtcd on an inclined pljuie hy a force acting ]»arallel 
to the piano. Plot a graph showing the relation between the magnitude of 
the force and the height of the ]tIaiio. 

15. Find the mass of the roller supplied, using an inclined plane. 

16. Suprsirt a metro scale from various ])oiiits along its length, and. 
lialanco it by hanging weights on the shorter side. Deduce the wreight of 
the metre scale. 

17. Find the angle of static friction Wtween the given surfaces. 

18. Find the velocity ratio and the force ratio for the given machine and 
deduce the eUicieucy. 
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19. A W is supported at its ends and t<»aded at its centre. Plot ii cnrvf’ 
showing how the m*prcssion of the centre vanes with the load. 

20. riot a curve showing the relation la'tneen the angle <»f twiNt and the 
length of wire Iwistetl, w'heu a given couple is aj»]ilied to tlie end t»l’ tho 
wire. 

21. A l»all is piYyected lunn/ontally with a given velocity hy allowing it 
to roll down one quadrant of a circle. Plot a 'urve showing the irlatnui 
between tlie hori/iuiial range and the height of the |Hunt of projection. 

22. Find the relation hetween the di.stauce tra\ersed and tin* tino* wle-n 
a I»o<i\ starts from rest and moves with u ni form aceeh rat ion, using Atwomi'a 
machine. 

2iJ. Find the cornhined iiias«< of tlie two weight'* and the imlleyofan 
Atwooil's maeliine, gi\cii cm. |H*r .sec. j>er .mv*. 

21. Find the relation hetwe. n the distaiici' travers«sl and the lime when 
the given body rolls «i*>wii an incliiicil plane, starting from rest. 

2o. Piovi that the act elt-ration of a body rolling <lown an iMi-liiied plane 
of given length i" proportional to the dilh rence in height i»etween the ends. 

20. Plot a giMpli showing how the aeceleration of a body rolling down an 
inoiiiied I'lanc \ari«s with tlie loiglit ot the jdane.' 

27. Caicuiate tie* kim tic em-rgy of the given body when it is rotating 
with unit angular velo<*ity about it', axis. 

28. Plot a curve sliowing tlie relation between the time of >w'ing (»f a 
simple iH'iitluUim and tie* Mpiare loot tif tin* h'Ugih. Deduce a value of y 
from llie rc'.ult-. 

29. Find the length of tin* -imple pendulum 8U[q»li»‘d by deiermining the 

time (»f swing, a^Niiming in unit.''. Adjust the length so that 

the time of one eomjdete -swing i>» 2 see. 

30. Plot a curve .sliowing the variation of jieriod witli lengtli b»r a simple 
Jienduluni, .an'l deduct* the length of a ‘ipiaiter scMind.s’ pendulum, a 
pemluluni r'tpiiring /"/// a sfeoiul to swing both wavs. 

31. Find tin- period of swing of a pendulum 20 in«*he.s long, without 
actually iwiiig one of tint length. 

32. Plot a gr.'iph showing the rehition between the length »»f the simple 
pendulum and 'tt tlje tune of ^wing, (h, the Mpi.ire i>f the time of swing. 
Deduce the value of 7. tiie aeceleration due to gravity. 

33. Plot a gra]di showing how the time of o-seillation of tin* given tor-'ion 
pemUil urn varies with tlie distanee from the axis of tin* add»*«l syinmetiical 
load, 

34. A thin lath fixed horizontally at one end and loaded at the other. 
Plot a curve .sliowing how the time of vihiation vaiie^ witli the load. 

35. IVoin ob.,erv'af ions on the os«-iIIati<iiis (»f a loaded .spring prove that 
the scpiare of the lime of u.scillatiou divnled liy the load is approximately 
constant. 

36. The two ends of a heavy bar are conm oted by a string wlio^e middle 
|)oint is attached to a lixed suppoit. Find how the, time of oaeillation of 
the .system under gravity dejs-nds on tlie length fif the string, wlieii the 
bar remains in the .same vertical plane during the oscillation. 

37. Verify Ihnde’.s law hy pouring mercury into the open limh of a 
U-tube the other limb of whieli i» elosed, 

38. A U-tuhe contains mercury in the bend an<l air in the closed limb ; 
use it to find the height of the barometer. 
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CHAPTER I 

INTRODUCTORY THEORY 

§ 1. Velocity: Fjikquency and Wavk-Length 

Most of the experiiiieiital determinations in sound are either 
determinations of the velocity of sound in different media or 
else determinations of yitch and the associated quantities, 
frcqae/icy, and wu\ e-length. Sr»und is proi>;igiited through any 
material medium as a wave-motion, the disturl)ance being 
produced by the sounding b(xly and Ciiusing the sensation of 
sound when it reaches the ear. 

The Velocity of Sound varies with the medium through 
which it travels. It can be shown that the velocity with which 
sound is propagated through a medium of elasticity E and 
density p, is given by the equation 



E is the modulus of elasticity corresjwnding with the par- 
ticular strain caused by the wave-motion. 

EFFECT OF TEMPERATURE ON THE VELOCITY 
OF SOUKD IN A GAS ' * 

The modulus of elasticity concerned when a sound wave 
travels through a gas, is equal to yP, where y is the ratio of the 
specific heats of the gas (a consttint) and P is its pressure. 
Hence the velocity, V, of sound in the gas is equal to P/p, w'here 
P is the density. 
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Now V/p = KT (sec section on Heat, p. 311); theroforo V, 
velocity of sound in tlie gius, is eiiual to N^yK T, or is*propo< 
tional to the s<[nare root of the ahsolute toinpcraturc. 

If a is the gas cootficient (.j }-), 

TT,. 1 , 

where t is temperature in degrees centigrade. . 

Velocity of Souml at f (' /T : 

,-“7—.“ — — r . ^ i 

\ elocity ut ^ouiul at n ( 

or \t \\,\ I at. 

When / is unt lar:rt‘, lhi'^ is written as 

V. 1 1 ' hat) ; 

itid ht'iice rlie \alnriiy <if sound at any lianpeiatiire can be 
calculated it the velocit\ at 0 C. is known. 


PITCH AND FREQUENCY 

The musical pitch of a note depends on ilie number of 
vibrations -made by the sounding body in one second or the 
vibration frequency of the rn»te. I'lu* note called middle 
on a piano is talo ti to corre>pond willi a vibration fr(M|uency 
of -otj. This rallfd tin* //////> y//7cA of middle ('. The 
miihllo C’ fU’ has a freipienoy consi«lerab]y al»ove 

this, while other standards of pilch are .s»>nie above and .some 
below' this .scientitic standard. 

The reason for the choice r»f liot; as udddle (* in .scientific 
w'o^k is in order that th«* numl»er of vibrations correspomling 
with any C .^hall be a whole number, Ib'iG being equal to 2^ 
(.see lielow). 

Musical Interval depends on the ratio of the vibration 
frequencies of tlm two notes, the ratios for varion.s intervals 
being ; 

octave . . .1:2 minor third . . f) : fi 

fifth , .2:3 major tone . . .8:0 

fourth . . .3: 4 minor tone , . .0:10 

major third. . . 4:5 semitone . . .15:10 
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The Belation between Velocity, Frequency, and Wave-Length. 

— Let the velocity of sound in any medium be indicated by 



V cm. per sec. (’lioosc two poiiit.'> A and H (I'i^* ^ ^ -)> that 
their distance apai t is V cm. 
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At A an observer is stationed, and at B a Inxly is set into 
vibration, emitting a note the vibration frequency of which is 

The time taken for the first wave to reach A will be one 
second, since the distance AB is equal to Y ; thus the observer 
at A will just be receiving the first wave as the nth wave is 
emitted from B. 

Between A and B there will thus bo n waves moving tow’ards A. 
If each wave is of length A (Fig. 113), tluMi tin length AB must 
be equal to aA, and we obtain the im{>ort:int ixvalt t!iat 

V - nX. 

? H . Kksonanck 

THE PRINCIPLE OF RESONANCE 

If two neighbouring IxMlies have identical frequencies and 
one of them is set in vibration, the other will take np a 
rhythmic vibration due to the vibration of the first. This 
vibration, which is eomniunicated to the second body, mav attain 
considerable amplitude ; so that if the first body is stopped the 
second may continue to viiuate for s<mic time afterwards. 

This principle is not limited to sound lait is common to all 
forms of vibratory motion. It can )»e understood readily by 
considering a simple case, such as that of two accurately attuned 
timing-forks. One of these is set in motion, and wave disturbances 
from it reach the other. The prongs of the second fork are 
alternately pressed away from and drawn towards the first fork, 
iri^consequence of the alternate compressions and rarefactions 
reaching tlic prongs through the air. These occur exactly in 
step with the natural motion of this second fork, which is just 
starting to spring back into its mean position after the first 
pressure wave, when the rarefaction commences, its backward 
motion being thereby assisted. The fork moves beyond its equi- 
librium jK>sition under its own momentum and this insisting force, 
and is just turning to move forward again when the next pres- 
sure wave arrives ; under the pressure wave it is urged forward 
instead of being merely allowed to move forward under its own 
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elastic forces. Thus every vibration of the fork is assisted by 
a force exerted -by the air near to it, and thi succession of light 
impulsesi insignificant when considered singly, has a cumulative 
effect which results in the fork taking up a vibration of consider^ 
able ampirtudc, AH other cases of resonance can be explained 
in a similar way. 


STATIONARY VIBRATIONS 

Wlicn two wave-trains of equal intensity are passing through 
the same medium in opposite directions, stationary vibrations 



are set up. If, in Fig. 114, the thin wavy line represent a wave 
motion moving to the left, and the dotted line a similar motion 
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moving to the right, their resnltant action on the nuMlIuni 
hetwoen and A^ is represented by the Ihid' line in e.icli case 
considered. Certain points X.„ X.j are nt*ver disturbed at all, 
while points Aj, Ag are disturbed more than any other points 
in the whole line. X^, X^», X^ are ealled nodes, and Ap A^, Ay are 
called antinodes. 

It will be seen that the distance between two consecutive 
nodes or between two consecutive antinodes is equal to half 
a wave-length; or, from a node to the next antinode is a 
quarter of a wave-length. 

This result is made use in eiumfctioii with the e\p(‘rinient.' 
describetl below. 


THE RESONANCE TUBE 

If a tui»e arranged so that its length can be vaiied by 

.suitable mean-^, it eaii !»*• adjuht«*«i .'mi thai i}u‘ eoliinin of air in 
it n'sounds to various mUes. liosonanee oeeiirs for any note 
which turn>pt)n(K with any possible mode of vibration of the 
I air in the tube*. 

■ - ; / If the tube is elo.sed at one cud, 

' I ' '' ^ , , . . 

' ' , the air 111 it eaii Morale in any way 

i ‘ / wliieli permits of free iiiotion at the 

\ y' open end .ind zero motion at the closed 
' X end, i.r. the open end is an antinode 

I i i I \ and the closed end Is a node. The 

\ / / ' j flKFerent forms of vibration possible arc 

indicated diagrammatically. It will be 
Fu.. 11 '.-- of Vibration figQyj the length of llie pij)c is 

m Tub**. . - ./. 

respectively Ap4, 3A.^/i, 5 Ay. 4, etc., 
Ap A 2 , Ay being the wave-lengths of tlic possible vibrations. 

A fork placed over the end of a tube causes the air in the 
tube to be .set in .stationary vibration, the air b(‘ing under the 
action of the waves sent out by the fork, and of the waves 
reflected from the closed end. 

Thus, if a fork giving a certain note be placed over the end of 
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the lulu;, iin<l the tube be iidjustcd to resound to the note emitted 
by the fork, the shortest length of tube which will give resonance 
is a length such that = A/4, X being the wave-length in air 
of the notti emitted by the fork. 

The next length giving resonance vrill be such that h = 3A/ 4, 
and so on ; so that we can deteiminc the wave-length in air of 
the note emitted by the fork. 

A slight correction has to be api»lied for the diameter of the 
pipe; the length is not exactly equal to A '4, nor is exactly 
;U'l. The correction for a cylindrical pipe is approximately 


3/0 the radius. 
Thus 


and 


- /. 




o T> 
• > Iv 




A 

4’ 

.‘{A 


Thesf* c(»rrccted Iciejlli'^ and slioidd be used iii calculat- 
ing A. 

The corTCctioii need not lie known if and can both ])e 

found : for \ 

* 

quite aceurately, the correction being eliiiiinatrd by taking the 
ditlerence between L, aiul 

If A is found by this means for a fork of known frequency, 
the velocity of sound in the air in the pipe can be calculated, for 

V //A. 

A, the wave-length in the air in the pipe, is known, and n is 
given ; therefore V can be obtained. Or if \ is given, u can be 
calculated. 

If two forks arc used, the ratio of their frequencies can be 
determined by obtaining the values of A corresponding with the 
notes they emit. . 

\' • n.X^ 

• 1 — ^^2 

It. A« 
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Exi't. 79. The Resonance Tube. -The Resonn uv liilw' is 
conveniently conatructeil in either of the forms shown in 
Fi^. 116. The first consists of a counterpoiwd brass tuln? 
which projects from a tall stanilanl tube containing ^^ater. 



A mmIc of cm. i*^ graduated r»n llic movable brass IuIk*, the 
zero of the ^f■ale lieing at the top of the tube. The level of 
the water can Ikj read on the scale by a windt)\\ in the standard 
tube, and hence the length c»f tulnj giving resonance can 
lx; determined (‘onvenieiitly. 

The other form is so .simple that it needs little explanation. 
The level of the water is adjuste<l by moving the reservoir, 
and the length of the tulx; containing air is measured with 
a metre scale. 

Adjust the resonance tube to give resonance witli several 
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diffun iit forkfi, obtaining liotli tli<j first and secoinl resonance 
length, if iK>8sible, with each fork. 

(i.) Calculate the vehjcity of Houud in the air in the pii^o 
from the known frequency of one o( tlie forks Observe the 
tenii)erature of tlio room and reduce the value of V obtained 
at this teiniicraturc to give the velocity at O'* 0., by means of 
the formula (|). 202) 

Ve = Vo(l + W). 

Or (ii.) Being given tlie velocity of sound in air at 0* C., 
calculate the velocity of sound in air at the room temperature, 
and hence deduce the frequency of a given tuning-fork. 

(iii.) Corn[)are the frequencies of two forks from observations 
with the resonance tul)e, and check the values so calculated by 
means of the frefjuencie.s marked on the forks. 



CHAPTER II 


FKKQUENCV 

§ 1. DKTKKMIXATruXS DK FHKyCKNX'Y 

THE SmEN 

The Siren is an aj>]iiiratus which, in tho form most ronvonifiit 
for scicntitic nsc, wa.-. invented by (Jidgnard tic la Tour. It c<>n»i.'ts 



Fiorit Vi»*w, Bark Vifw. 

Fic,. 117.— The Sin n. 


of a wind-clifst, witli a rniinl»cr of jierf orations distrilmtcd at ecjnal 
distances round a circle in the toji surface of tlie box, the lioles 
being drilled at an angle to the surface as indicated in the i>art 
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scct nni shown in 117. Ahovo lliis liox, ami v(Ty close to it, 
is a (jircnl.ir plate, drillud witli a similar set of Inilcs, inelimsl the 
opposite uay to those in the fop of the ehest. This plate is 
inoiiiited so that it ran rotate on the wind-chest in such a manner 
that tin? one set of holes passes over the other as the plate rotates. 

Wlien the chest is filled with air under pressure, the air emerges 
through the lioles, and, impinging on the holes in the disk, sets 
the hitter in rotation about its axis. 

The holes in the cliest are thus covered and uncovered at regular 
intervals, puffs of air escaping periodically as the two sets of holes 
coincide momentarily, and thus jicMifKlic jiressure waves are sent 
out into the air, producing the jK‘rh)dic disturbance called ‘sound.' 

A worm gearing and toothed wheels in tlie case at tlie top cause 
the revoluthins to Ihj recorded on the dials shown. By measuring 
the time nM|uired fm* a definite number of revolutions the rate of 
revolution of the disk can Ik? obtained. 

Su[H»ose, that the disk and the top of the ehe^t liave ?/ holes in 
the ring^ and N r(‘volution.N of the di>k are made in t seconds, the 
total nmnlxT of ‘ [nitls ’ madi* is /iX in ( seconds, and the freijuency 
is therefore //X f. 

J}y juljnsting the speed of revolution till the note of tlu* siren 
is in unison with the note of the \ibrating body. \\r ean <»btuin the 
vibration fre^jueney of lliis body, as it i^ then equal to that of the 
note given by tlu‘ siren, viz. t. 

Ex i*T. so. Determination of Pitch by means of a Siren. — 

Adju>t the .siren to unison with a vibrating tuning-fork or t<> 
a sounding organ-i»i[»e,^ Kee|» the rate of revolution eonstant 
by adjusting the tap and the pres'^nre in tin* bellows, and find 
the vibration frequem'V of the siren. Tliis is given by X/# ^ 
an«l is the saim* as the frequency of the note of the fork or 
organ -pipe used. 

Other metlnwls of determining fretpiency are employed in the 
following experiments : -- 

lv\i T. SI. Determination of the Pitch of a Tuning-fork 
by the Dropping Plate Method. ]*lace a light style of stiff 
liair on the prong of a tuning-fork, lixiiig it in place with 
W’ax. Susjiend a smoke-blackened slu‘et (»f glass in a heavy 
frame from a stand (Fig. 1 IS), using a piece of eotton passing 
over two pins f<ir this purpose. Mount the fork st> tliat the 
hair gently touches the glass near its bottom end, 1k*w the 


' iiotf.s on tuiiiii};, |i, *22 1. 
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fork with a violin -liow, ami roloase tlu' ^lass liv lniniing 
the cotton threiiil Ijctweeu the pin.s. 

WluMi the glass is exainined, a wavy trace Ik* f<mnd 
on the blackened surface, the truce Wing naule in the >mi»I by 



Vn . Ii8. - I)r 'j'jlng riut«* Ai>]»aiatU'>. 

the style a< the plate ft-ll. From the trace thus fonm'd, the 
vibration fi*e(picn<*y (d’ the f«»rk can be found as follows: 

(i.) If the Is girming of th«j traee is (piite clearly ilefim'd, 
measure the distance a from tlie In-eirming to tin? last wave 
shown on the gla>s, and count the nuinU*r of complete waves 
in this distance ; let this W X. 

The glass falls under its owni wvlglit, »ind in t sccomls it will 
fall a distance since it lias nt> initial velocity. Thus the 

time t reituired to fall the measured distance a can be calculated, 



During this time the fork inmlc X vibrations, tliereforo the 
vibration frequency of the fork is X//. ^ 

(ii.) If the trace is not clear .at the beginning, start .at the 
clearly defined crest and <x>unt oil* a certain number of waves 
n (s.ay ‘JO) marking the 7ith crest. Count beyond this a further 
Set of n waves. Measure the length of the first set, and 
the length of the second set of n waves. 
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Tf tlui velocity f)f th«^ ^lasH wli«n ]>asHing the firot crest was 
and the tiin*' hiken t<i make n waves is we have 

<1 = 

AVhen llio second of the iitarke<l crests w’as being j»assed| the 
velocity of llie glass was 
TJic distance is given by 

or 

since described in the same length of time as \l: 

Thus *2 " *1 ** 


, 8 , 


or 




t 


waoea 

aecM 


^uvttuei 

sees 


III this time n vibrations are made; therefore 
the vibration frequency = /i/<. 

Exi‘t, 82. Eundt's Tube. — A glaas tube, 
alxjut 1 metre long and 5 cm. internal 
diameter, is dried thoroughly over a Bunsen 
tlame. The tube, closed at one end with a 
cork, is lightly dusted inside with dry cork 
powder or lycopodium dust. Botate the tube 
about a horizontal axis till the dust is just on 
the point of slipping down the walls. A rod, 
fitted with a light disk of cork or ebonite at 
the cial, is lixed with thi> end just projecting 
into the tul>e. Tlie disk is made rather 
smaller tlian the tube, so that the end of 
the rod and the attached disk can vibrate 
freely inside the tube. 

The rod is clamix»d exactly at its middle 
point, ami is st't into longitudinal vibration by stroking length- 
ways with a resined leather qt cloth. By this means the air 


Fn:. 110.— Trace of 
Tuning-fork. 



Fio. 120.— Kuiidt's Tube. 


in the tul>e is .set in vibration, weaves being sent down the 
tube, which give rise to returning waves by reflection from the 
flxed cork at the other end of the tube. 
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The tul*o is jui.^IkhI l»y rrty atnnff iimoiiiits iWx , tlu‘ nul of 
the nul, the rod K'ing str4»ked .sous to eause it I" .-omul .ilt»r 
each fresh a<ljustmeiit. A j»ositi4ai is reached nnIico* tin* air or 
gas in the ttibe resounds to the note of tln‘ rod. When this 
is the ease the dust in the tul>e is caught tip in the snnIiI of 



Fi«.. l-l.- Atitiitodos ill Kuiiill’f. Tul#»', 

the air, wliich is set in violent vibration. After the motion 
has dit d down, the dii>t settles in (“Iiarai-teri'^tie riilges at the 
Several antimules are thus fairly eh*arly mark*‘«l, 
and the ili.'^tance between two at some eonsiilerable ilistance 
apart i.< measured. 

From the nuniln'r of htMps bi^twern these* two, tin* number 
<*f intcTvening antiiiode'H fouml, and the wav«‘-h*ngih of 
tlie note in the gas in the tul»e is obtained, the distaiiee 
In'tweeii tw'o couseeutive antinodes In'ing half a wavt*-length. 

The piteli of the r<»d i'^ now found by means of a M,tioim‘ter 
(see experiments with si.nometer, j*. 2lt)), u-ing a tiiuiiiLTfork 
of known fp'<juenev for e«>mpai isnn : and from thi" the Nelnriiy 
<»f s.iund in tlie gas e.iu be determine«l usjjig tlir relali»»u 

V n\. 

If the v(‘]o<’lTy of sound in the g,is is a'^'iimed to ]>e known, the 
frefjueie-y of the note of the ro<l can ]>e iletermined by this same 
e(pution. 

Calculation of Young’s Modulus for the Rod.- The rod 
vibratc.s witli a iio<le at its middle point and an aiitinode at <*aeh 
end ; hence its length is equal to half the wave-length of 
the note in the material of the rod. 

The velocity <if sound in the rod is />, wh(*re /> is the 
density of the ro<l and K tlie inodulns of elasticity for longitndinul 
strain, E i.s Young’s Modulus. 

If A" A'elocity of .sound in the rod 

and A' = Wave-length of souml in the rod, 

V'-wA'. 

' By foritimiCMl soiiinlirif' it is possible, thongli dillitailt, to pet tlie dust to 
settle in little heaps at the nodes. 
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ll(*r(i // is known, X* i.s (mjiijiI to twice tin* lengtli of the rod, 
can lui iiu.*iisun*d ; In iicc V' ciiii lie calculated. 

The density of tin* rod is al.^o known, and 



hence we can find Young’s Modulus for the material of the rod. 

§ 2. Beats 

'When two pure notes of nearly the same pitch are sounded 
together, periodic variations in the intensity of the sound are 
heard. The.se alternation.s of .souinl and comjiarative .silence are 
teriued Beats, 'fhcy can be plainly recognised when two tuning- 
forks of nearly the .^aine frc(|uency are set in vibration together. 
If the fork.s have freijUcncies and X'.» re.spectively, the number 
of beats per .second is the difference between the.se frequencies, 
- X^ - X.j. Here X^ i.^ sujqxi.sed greater than X^. 

This result can be explained by tlie principle of interference. 
The velocity of juopagation is the saini' for the two notes, but 
tile wav('-lengths differ ^lightIy. "Where the waves agree in phase 
they will sti engthen each other, but where they are opposed they 
will neutralise one another (Fig. 122). Let us take as starting- 
jioint an instant when waves from the two .soiiires reach the ear in 
the .same phase. At the end of one .second, the higher note has 
made X^ complete viliration.s, the lower note only X^ , that is, 

1 I'.. rJ’J. - \ ff Anijilitiuif iii IJivits. 

the higher note ha.s made X^— X.^ more vibrations than the 
lower. During the second, one system of waves has been falling 
behind the otlier, and tlie loss amounts to X^ - X.^ wave-lengths. 
Hence there must have heen Xj - X., occasions in the course of 
the second when the two systems agreed in phase, and X^ - X,, 
occasions when the phases were opposed so that there was com- 
parative silence. In other words, the number of beats in one 
second is n - Nj ~ X.^. 
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If two notes arc nearly in iinison, the beats are \ ery slow 
and it is difficult to , distinguish them. On tbei other hand, if 
the number of beats is more than four per second it is difficult 
to count them. When the beats become so rapid that they 
cannot bo separately perceived, a * discord’ or * dissonance’ 
is produced. 


Exrr. 83. Beats between Tuning-forks. — Take two 
tuning'fork.s of nearly the siuiie pitch mounted on resonanee 

boxes. The fre<pieney of one fork 
hcavijUio iilteretl by means of a 

movablt* muss w liieh ran be elaniped 
at any pirt t»f the prong (Fig. 1-3). 

Fix the mass at a delinitr dis- 
tance from tlu* end of tlie prong, 
and count th»* nuiiiber <»f K-ats 
made with the otlier fork in a 
ineasiirefl interval of time. 

Tile immluT of la^ats |H*r second 
shouhl determined by counting 
as many Ivats as jiossible, taking 
Fi... Tiinii..-f..ii>. ♦*'« witJi Ji stop-cKjck or stop- 

wateli. 

Repeat the observations with the mass at other isdiits on 
the prong, ami j»lot a curve .sliowiiig tlie relation betw(*en the 
distance of the mass from the free end of the ]>rong and the 
numl»er of lH;at> per si'comL 





CIIAPTER III 


TRANSVERSE VIHKATIOXS OF A STRETCHED 
STRING 

§ 1. Propaoatidn of Transvkrse Waves alono a 
Stretched Strint; 

The expression for the velocity of a transverse wave along a 
string under tension, can be shown to be 



whore T is the force or tension exerted on the string, and m is 
the mass of unit length of the string. 

If T is mciisured in pnundah and m in pounds per foot of 
length, the velocity is given in feet jkt second ; with T in defies 
and /a in gni. per cm. length, the velocity is obtained in centi- 
metres per second. 

Expt. 84. Betermination of the Velocity of a Wave 
along a String. — Set up a cord several metres in length, fixtHl 
at one end and with the other j)assing over a pulley and carry- 
ing a scale-pan. Stretch the cord by various weights placed 
ill the scale-pan. Pluck the cord at one end, and find the 
time biken for the disturUiiice to travel, sjiy 10 or 15 times, 
from end to end (»f the string. This can be done easily, for 
the motion of the <Ii.stiirl)ance is plainly visible and the time 
taken cun l)C noted with a stop-watch. 

Calcailate the tension of the string in dynes from the known 
mass M hanging from the end, 

T « My dynes. 

M here includes the mass of the scale-pan. 
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Detennino tho muss of 1 cm. of tliu coni by \.c'^hing a 
known length of a hiinilur cord. 

From the observations of the motion of the ilistuibiince, 
caleulato the velocity of the wave along tlio string, tind slmw 
that tho obst»rvetl velocity is equal to VT/// cm. |K*r <vv, 
Expt. 85. Determination of an Unknown Mass f)rom 
Observations on the Velocity of a Wave.- Hang .in unkni>\\ n 
nia''S on the .string used in the l.ist cxperimenl, and obx«M*, c 
tlie \clocity of the wave disturb inci* as In't’ore. Cilculat*- the 
masN nl the Niispoiided b.*d\ tiom tlu* itpiatioijs 

T 

lUnkiinwin 

If 

ai.d I \ „i 

!\ \«»ui o Jt ntuil I il <st I \ a1 i< >11 ol M, U'-i?!' a 

bilih... 


It a 


"^I'lloNAliV Ml A SlKM«UII» ^IIIINC 

siting is vtu'itlnMl bet w ten two jMnnls A .ind 



li 


-B 


ted 


1 . 1 J 1‘ 'I "t I'.'t . ’ u < fr 111 I'l. 1-. ( I s*r, t hi 1 


(Fig. 12 0, 11 di^tuibaiKo i', (rc.ited .it any point uu the 

stiing, the di^tuibance tiavels t<i oin* end, .ind is there reflocted 
to the «jth< r end. Ibie it js ag.iiri lellected, ]>iit now 
in the .same foim a-j the oiijinal <li.stui])ance, the stiing is 
in exji'tly the same condition us at fiist, after the disturbanee 
has travelled fwfrr along its length; or when tlie distuibance 
has travelled onrp alont/ and onn‘ hnrk^ the \i))ration of the 
.string has completed one ciflf, 

Xow the velocity of propagation is VT/m, and the distance 
travelled by the wave in a complete cycle is 2/. 1 fence the 

period of vibration is 
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or the vibration frequency 




-L 

. ' /T 
3/V -• 


m 


’t 2/ 'v m 

This expression enables us to ciilculate tlie frequency of a 
string if the various quantities /, T, aiul m are known. 

THE SONOMETER OR MONOCHORD 

A sonometer consists of a linn frame carrying two fixed bridges 
ovt‘r winch one or nmre slriii;^.s or wires can be >tretched. Usually 
one string is fixed ju'rmaiiently to tlie a|»|»aratii>, and 
its jiitch i>. ^ari^•<l by *keviiig up/ wnncli keys or 
other means being supplied whereliy the tension can 
be adjusted as de'^iied. Aioillier string i*' al.'-o u.'.td, 
niie end being fixed over one ‘d tlie fixed bridge^, 
while* the otlier t'lai, passing over the other bridge, 
carries a scale j»an. 'i’he tension in this second string 
is a<lju^fed hy sUsj»ending masM-s in the ^eale J>an 
hanging from it, ami bn* this reason the sonometer is 
he>t siipporteil in a \ertieal pje'itioii. Jf a Imrizmital 
pn.sitioii iie uvd, tlie string lia^ to pass over a pulley 
so that the w'lMglils can hang ih»vvnwar<ls. d’here is 
Usually eoiisiileralde friction at the pulley, so tliat 
the tension on the string is not noeessfiiily the same 
as the weight hanging from the eml. A j>air «»f 
iiiovahle bridges is also supplied, om* for Cin h stiiiig; 

]»y moving these bridges along the strings, the 
ifi;/ hntjf/t can lie altered at will, ami tlie piteli of 
either string changed as a result of tlie alleivil length. 

Exit. Sfi. Determination of the Variation 
of Pitch with Length. — The sonometer is set up 
and the tension of the keyed wire adjusted so 
that a musical lone is emittt*d on plucking the 
wire. Several forks of known freqnemy are 
snpjdicd, and the hmgth of the keyed wire is 
altered hy shifting the movahle briclge, so as to 
giv(* unison with each forC in turn, the tension (tf 
the wire being kept constant throughout. <See ” 

the notes on tuning on p. d*J!L 

The lengths fj, etc., eorre.sponding with the frequencies 
/i-p etc., of the forks (and of the tuned wire), are determined. 


3 
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It will bo found that showing that the Bre- 

quenoy of the wire under constant tension Is inversely pro* 
portional to its length. 

Use this result to find the pitoh of an umnarkiMl tuning* 
fork, tuning the wire first to unison with a known fork, and 
afterwards tuning to the unknown fork. 

n, /; 

or Wj (unknown) = (all known). 

To deterniino tlio way in wln»-h the fivijnenry of n ^\ire of con- 
stant length varies with tension, etc., is a matter of .smiie dillicully, 
reijuiring the use* of a largo miniherot inning forks of known pilch. 
In ^he following exjKMiinonts an indirect inctluMl is used, the wire 
heing tuned hy altering the It-ngth as %v*‘ll as the tension, the cllect 
of the alteration of length being alhoved for by a simple adculation 
involving the result obtained in the experiment just JescrilxMl. 

Exi't. S7. Determination of the Variation of Pitch with 
Tension. — Apply ditfi rent tensions t(» the second wire of the 
sonometer and liinl the leiigtlis of this wire which vibrati* in 
unison with a (ertain length of the fixed wire, the fixed wire 
being ke[>t under constant tension, fx't the tensions be T^, 
T, etc., and tlie attuned lengths l>c etc. 

In onler to find how^ the pitch of a consfajit length of the* wire* 
varies with the tension a<*ting in the wdre, we apply the result 
obUiiued in lilxperiment in the following manner. 

Let the jiitcli of the length when ]mlle<l with a tension Tj, 
be Wj. A length of the sjirne wire lia<l the same fre([uency 71^ w hen 
pulled w’ith a force T... If we bad used the Wiine Imijth of wire 
as at first (Zj, the pitch under tension would have been 

], 

and w'e can therefore caUidafe the pitch f)r a length of wire Zj 
when under a tensirui T.^. 

Similarly the length Zj would h^ve had a vibration freijuency 
= if if t>ee“ mounding und<;r a tension 

Calculate Wy, etc., and show that ii is proportional to VT. 

Arrange the results of the observations as in the Table : — 
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Frequency of note of fixed string s=ni. 


T«nM!on of Wolglitni 
Wiro In OiiiL'WL 

T. 

S 

JLencth giving Xoto 
of Fmineiiey nj. 

L 

Ctili:iUtii4!d Frequency 
for a fiength /;. 

etc. 

’ 

vT 

isT* 

T,= 


w,= 



1,=-. 

K 

n^- pii = 

*1 

wa 

T,- 

h 




Tlio la.st colniiiu of lh«‘ table* vill ]>o found to In; constant, 
ie. n is proportional to 


Kxi'T. Variation of Frequency with Mass per Unit 
Length. — SfndcJi a wire on tli»» sonoin(*tcr witli a given Iruiri, 
and lind wJiat length of it vibrates in unison with the fixed 
wire. 

Jieinovc tile wire, and replace* it by a secoiul wire stretched 



Kio, I2i», — llori/i’iital Soiioin»‘t«T, 

with the same load ; again find the lengtli giving unison witli 
the fixed wire. 

"Reixiat tliis for three or four ditfereiit wires, using wires of 
difForent material, or difleivnt diameter, each time. 

Weigh each wire or a j>ortinii of each wire, ine^isuring tlio 
length of tlie |)art weighetl : a considerable length sliould lie 
used to olitain accuracy. Calculate the mass of 1 cm. of each 
of the wdri'S used. 

By the result obtained in Expt'rimeiit 8C oaloulate wliat frequency 
each of tlic wires would liave had, if each liad l)oen under the same 
tension but of length equal to the length of the first wire used. 
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This gives the \alue of a for eiieli of the wires wht»n eiiiml lengths 
are vibrating umler the s;ime tension. 

Show that It X m is the same for each wire, t\t\ that u is j»ro- 
portioflal to 1 s //<. 

Arrange the rt‘sults as below : — 


Fi't ijiuMii'y t>f wire 


I nf W--.- 

\ ’.I'M' .r.'' ill ri.>* i» 
’.v.'ii Kiv.l W. 



1 ••!... li 

.• . j- » • 


e Ki' pn'iicy "f 
;> I • 'iu' h 1 1 •>' iMi h Wif 

r jjtv : r-'ii'i.'ii 




1 

I 


.// . 





^ \ In j 

. s ' j 


II . \ ;//j 


l.i>t t*'liniiu «*t tlk* t.ibh‘ will )>e fouinl to be CMnstunl, 
i.e. n varies as 1 m. 


*''0. Absolute Determination of Pitch with a Sono^ 
meter. — Sin trh a win* with u kn^wn buee •lyne.'*. 
th«‘ leiigtli / i'lii. \ibralmg in uni'-nn with tin- b>rk whn.s.j 
IretjUfiiry i" to be <1* t«'nnine»l. 

(.‘ut (»rt’ a IcTigth of tie* wire, wt-igli it, ami <l«-1ermiii»‘ its 
ina-'^ jj T unit haigiii, /// gm. per <-in. 

( ‘aleiilfit*’ tile \ibration freijiieneN of tlie wiie, whieh is tlie 
same as that of the fork with whh h it is in unison. 

' VI- 

These results ean lx; applie*! in various w'ays. Tlie following 
exeici.-^es are suggei»te(l as corollaries on the vibration of strings ; — 

Ivxf'T. 00. Determination of the Density of the Material 
of a Wire, using the Sonometer, — in this (letiu niinatioii the 
wire must not be reiiioveil from tlie sonometer iMiard. A fork 
of known piteh is sufiplied. Streteh the wure with a known 
force, and tune a length of it to unison wuth the given fork. 
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In the cqiuition 



n is given, T is known, and I is iiioasur<‘<l. Hence //t can 1 e 
calculated. 

Now m is the imiss of a cylinder of metal 1 <*ni. h»ng, and 
of diameter equal to tliat of the wire, /.c. 

m - - 


^^her(* r is the radius of the wire, and p it.> den>ity. Hence p 
ejin he deterinimMl fnun the calculated value (»f ///, if tlie ritdiu.s 
of the wire is ineisureil with a micrometer mtcw. 

Kxi'T. 1)1. Determination of the Weight of a Given Load 
by the Sonometer.-- Another u>ef\d exercis** is tu wei^di aha^^ 
of w’eiglits hy inoaii.^ of a .''Oia>ineter. A fork of known ]>itc)i 
is .siijipliei], and a huioth of wire /, wlien sfr<*tclied witli tlie 
ha»' of weielits, is tuned to nni.-fm with tlie fork. Tlie mavs 
of ] <*ni. of the wire is dett‘nnine<l hy weighing a con.si«lerahle 
length of tlie wire. I’hii.s in tlie equation 



7#, /, ami i/i are all known or detenninahle, and henre T imu 
he I’aleiilated. 

Now T -»M;/ dymv', where H is tlie ma>s of the hag in 
grams. Jleneti 

ami the mass of tlie hag can tlms he found. 

Noth. — A void such ‘formulae’ as 


ji = 



r 

» 


r= 




etc. 


These are quite true, but to rememher them is a useless 
burden on the men\j>ry, and the results required can always be 
found from the fundamental equation 
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by an a]ppIication of first principles. Even the fundamental 
equation itself need not be remembered, if the student will deduce 
it as shown on p. 218 . 

§ 3. Not>:s on Tuning 

In tuning a fork and a string, two strings, or any two notes 
to unison, there may be a difiiculty if the student lias no musical 
*eaf/ In this connection certain aids may be used to indicate 
when the tuning is.correct. One of these is given by the pheno- 
menon of hpofs. When tuning is close but not perfect, the tw< 
notes will * bt»at,^ and the rapid variations in intensity of the 
sound will be observable even if there is no musical appreciation 
of approximate unison. 

The notes will be in unison when the beats are so slow that 
they cannot be <letccted. In using the sonometer, adjust tlie 
string by wy mall alif rations in leuffth so that the beats get 
slower and .slower. When they can no longer be distinguished, 
the notes may be considered as identical, the frequencies of 
the sounding bodie.s are equal. 

Another method, when a hori/.onttil string is u.sed, is to ]>lacc a 
small rider of paper on the middle of the string to be tuned. If 
the other .string or the fork be .sounded, the fork being allowed 
to rest on the .sonometer board, the paper ri<lcr will flutter if 
tuning is close ; it will be thrown violently off tlic wire if the 
tuning is exact. Thus, by altering the length so as to increase 
tnc fluttering, the wire may be tuned to the other string or 
fork. The reason for this has already been dealt with under 
the * Principle of liosonance’ (p. 204), 

In plucking a string to excite its note, care should bo taken 
to avoid touching the string with the finger nail, as this may 
introduce overtones ; the string should be pulled aside between 
the thumb and finger. 

When listening to the note of a Btrin^^ a small plate of 
wood fitted with a wooden handle may be held to the ear, the 
end of the handle being placed in contact with the base-board 
of the sonometer. 



PART n 

Ai)i)rrroN.\L kxeiicises in* sound 


1. iraviug given t^%o tubes arraugt‘il .-o tliai one can slido iii.sido th 
other, ineusure the frequency of a fork by timling tin* |H)sition of lesoiiaiic 
for the coiniwund tube tq»eu at both 

2. (^'oinparo the fiequeiieicii of two tuning-forks Ity tlie dropping plat 
method. 

3. Find the velocity of sound in the givfii gla^^ rod. 

4. Find the mass of 1 cm. of the gi\cn coni by delermiiiing the velocity 
of a tranaverso wave along it under a kmmn tension. 

fi. Compare tlic densities of the materials of two wires by mean.s of tin 
sonometer. 

(>. Compare the frequencies of two forks by means «»f the feonometcr, 

7. Compare the weiglit> of twn bags l>y nieaiiN of tlie sonometer. 

iS, Stndch a wire with flilfcreiit w*cig}il.s, and find what lengths of tin 
wire are in unison with a fork of known frcijuency. I)cdu(‘e the .stretching 
f«rc€j required to make n similar wire, 2 me*tre.s long, vibrate with a 
frequency of ftO vibrations per second. 

0. Plot a curve sliowing the relation between the volume of the given 
resonator and the frequency of the resonant vibration. ^The re.sonator in 
this e.xperiiiieiit is an ordinarv inedieinr bottle with a narrow ucck. The 
volume may bo altered by adding w^ater.) 
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CHAPTER I 


THE LAWiS OF GEOMETRICAL OPTICS 

§ 1. Parallax 

Light travols in straight lines so long as its path lies in a medium 
the properties of which arc the same at all points and in all 
directions round each point. From the Rectilinear Propagation 
of Light it follows that a ray of light, i.e. a beam of light of 
very small cross section, can be represented by a geometrical 
straight line. 

The direction in which any object is seen depends on the 
direction of the ray entering the eye of the ob8er\’er. The term 
parallax, originally used in connection with astronomical 
observations, means the apparent displacement of an object 
caused liy an actual change in ]K)sition of the observer; if a 
differeiico is made in the position of the point of observation, 
there is a corres|K)nding ditlerencc in the ap|)arent position of 
the object. Thus, if two bodies are viewed from a certain 
]>oint, their relative jK)sitions wdll be altered if the observer 
move to another position. To illustrate this, set up two retort 
stands on a tjible and view them from such a position that the 
more distant rod appears to be direetly ]>ehind the jiearer. If 
the observer now move to the right, the further ro<l will appear 
to the right of the nearer, as viewed from this new position. 
Similarly, if the obseiTor move to the left, the more distant rod' 
will appeaf to move to the left of the nearer. Thus, the object 
at a greater distance moves in the same direction as the 
observer, relatively to an object at a smaller distance. 

229 
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When the roils are placed nearer toi;etlu‘r, the n iiiolioii 

of tlie rods for a *iiveu displaeenieiit of tlie ohverv. r is ledueed. 
If the nnls are placed one in cc»ntinuatit>ii of ili ■' other, the\ 
appear together from any position in which the t)l. <T\er plates 
himself. The siime principle applies in ilealing with itnages 
formed hy mirrors or lensev;. When two bodies ar.- coim i«ient, 
or in continuation of each other, there i> /'/// ‘Un' In i wren 
them, ami this test is tVc«|nently \ised to determine if two hodies 
or two images are coinchlent. If parallax is ohseiNci], tlie rnie 
given above determines at onee which <*f the two i> more ilistant. 
This method of experimenting is terniod the method of parallax. 
Interesting examples of jKirallax may he met with in e\t ry<lay 
life, as in the ease of objects seen from the wimhovs (d a rapidly 
moving c*uivevance. 

i: *J. liKri.KcTloX \T PlANK Sl KFArKs 

THE LAWS OF REFLECTION 

When a ray of light falK upon a polislu d Mirfarr ii is n‘flrrir»l 
in accordanc** with the f«»l!“vving law.s : — 

Law I. 'I’he incidrnl r.iy, tlie rrijectr*! ray, and tie* norm.tl 
to tiie •'Urtate lie in one plane. 

Law II. rim anglo between the imideni lay and the noinad 
(the iangle of incidence) i> e<jnal to tlie angle Itelween llie ]elle<‘tetl 
ray and the normal (iIm* .angle of r»*lh*ct jon), 

Kxi r. lej. Verification of the Laws of Reflection. — 

Th.'^e laW'i niriv Im* \* rifi»'d hy ineaiis of a plane mirror and 
a Tiuinoer of j»ins in the lollowing wav : 

Attfo h a .s)ie»*t of drawing'pajMT tf) a drawingd»oar(l, and 
on it ]»]aee a strip of mirror with its j>Ianc vertical. T1 k 5 
mirror can Iks .<npj sorted }>y a wooden block with a vertical 
groove, 'flic mirrrn’ sliould be of good plate glass but <|uito 
M/m. If po.-..si})lc, gla.s.s .silvered on tlu-J/'o///, siirfa(;e .slioiild lie 
used. 

Draw a line on the pajier to mark the ])osition of the 
rf^jhrtinff suifaee. Fix two ]»iii.s into tlie board at points such 
a.s J'and (Fig. 1-7). On looking intr» the mirror the images 
of tlu'.se pins will he seen. .Move the head till these images 
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i}»pi*;u ill ;i straij^lit line.*, urul iIk‘ 1 i fix fwo other j»ins, K and iS, 


Hid .dioiiid ]»e soiiit* distunee 


i?i liin' with t)ie images. ] 
jijiart, siy 10 cni. or 15 
cm. li and S should Vm* 
at a similar distaiire apart. 

1'hi* liiii* J’(^ iH the* trarcof 
an imidcnt ray, ItS that 
of a n llccti'd ray. 

Tf the mirror is per* 
penilicular to the drawin*'- 
i»oanl, the feet <if the jiiiis 
It and iS sliouM ajipear in 
an unliroken line uitli the 
f<!et r>f tlie juns P and Q. 

For ill this case tlic normal 
to the mirror lies in the 
plane of the drawinj'-hoanl, and according; to the first law of 
retlection the incident ray, tlie reHected ray, and the rnmnal 
to the mirror must lie in one plane. 

Let the rays PQ and ItS meet the mirnir at the jioint L. 
Draw LX, tin* normal to the mirror at L. MeaMiix? the angles 
MLN and KT4X with a jirotractor, ami also measure eipial 
ilistanees LK, L^^ (s;iv 10 em.) along tin* two ravs and join 
KM. 



Fio. 127.- I.i»WH of R<*rt(^tion. 


Tf KX and MX are e<jual, the triangles are eipial in all 
respects, and the angles MLX ami KLX are eipial to t^eh 
iither. Measure the lengths t»f KX ami MX and lecord the 
reMilts. 

In onler lo veiifv the secoml law of retlection, the deter- 
mination must he repeated for UnM tivo other directions 
of the inciilerit ray Jii eaeJi ea^* the angle of ineideiice shoulil 
l»e found appn»ximately equal to the angle of retleeth>u. 

If the mirror is PQ and IhS will meet at a ]>oint 

heliind the front surface ahout two-thirds of the way thmugh 
Iho glass. I’lie j»laet‘ \>here they interseet slnaild he taken as 
the eipiivaleiit retlecfing surface. 


"I’he imagi* of any ohject formed hv a plane mirnu* is at the 
same, distfince lichiml the mirror as the ohject is in front of it. 

y.wr, Ihh The Image formed by a Plane Mirror. — Fix 

u pill somewhere in front of a plane mirror and find hv trial 
the jiosition t»f the image. This ean he done hy viewing a 
seeond pin over the top of the mirror and moving it about till 
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thure is no {ximllax l)et\vt'Oii tlie s<h‘oiu1 |»!h and tin* of 

the lirst, />*. there is no relative motion ln'twi - n the hnagt* 
ami the second pin on moving the lieml from sid • to si<ie (see 

p. 220). 

jMeasure the }»i'rjH?iKHruIar distance from tin lirst pin to 
the equivalent n^flecting surfatv, and also from :hc image to 
the equivalent reflecting surface. Make a m)tc t>f tin* »list4iiiceH 
which should lx? approximately equal and enter the results in 
your notebooks 

Two mirrors inclined at an angle give rise to a serh‘s of inifqjef^ 


Expt. 94. Inclined Mirrors.- Dniw two lines at an angle 
with each other, siiy at 90* and again at 60*, on a horizontal 
sheet of juijx'r. Set up two mirrors on these lines. Platie 
a pin somewhere in the angle Udwcen the mirrors and flml 
the ]»ositions af //// tlie images proiluccd l^y itdlection in the 
luirrors in each case. Verify the fact that all the images lie 
on a circle whose centre i.s at the jM>int of intersection tif the 


two mirrors, and that the immlK?r of images ftn-med is 


\m 
0 ““ 


W'here $ is the angle in degrcfs between the mirrors. 

One image will Ik* found in tin* angle heliind both mirrors ; 
fno*e rile j«4th of the rays of light from the pin tt» the e\e 
of the ob'.erver by mean'* of vliieJi this image is seeii^t 

Kach iinag** should l)0 labelled Ij, J.„ Ij aeeording as it is 
formed by single n lleetion in mirror 1, single reflection in 
mirror 2, double reflection tirst in mirror 1, then in mirror 
2, etc. 


ROTATION OF A MIRROR 


“When a mirror is n>tatcd about an axis perpendicular to 
the plane of incidence, the reflected ray is turned through an 
angle twice as great as that through which the mirror turns. 

Let AB (Fig. 128; be the original position of the mirror, 
ML the incident, LK the reflected ray, .and LX the normal to 
the surface. JiCt the accented letters dcm)tc corresponding 
quantities after the mirror htts turned througli a certain angle. 
,The student should deduce from the laws of reflection already 
investigated that K'LK — the angle through which the reflected 
ray turns — is twice NXN — the angle through which the mirror 
turns. 
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Kxit. inf. Seflection from a Mirror whicli is rotated. — 

'I'lio result that tlie rt*fle<*t<Ml my turns through twice the angle 
turntMl through by the 
mirror, may Ikj verified ex- 
perimentally by tracing the 
rays ]»y means of pins. Two 
pins are used to ilefine the 
incident ray ML, and two 
to define the refieeted ray 
LK. After the {Kisition of 
the reflecting surface has 
been marked, the mirror is 
turned through a certain 
angle and the new jiosition 
of the reflcctiKl ray is deter- 
mined by jiins as before. 

The angle through which 
the mirror is turned and the angle through which the reflected 
ray is turned are measured with a protractor. The ratio of 
the tK^coiid angle to the first is then calculated. The process 
is repeated for a number of different jM)>itions of the mirror, 
and the results are given in tabular form. 

Show also that if tlie direetion of the ^rjftcftd my is kept 
constant, the objects viewwl wlien the mirror is used first in 
one position, then when rotated through an angle 0^ are along 
directions whicli subten<l an angle ut the axis of rotation 
of the mirror. 



Fh 4. Rotation of a Mirror. 


THE SEXTANT 

The Sextant is an instrument for moasuiiiig the angular 
separation between two distant objects ; that is, the angle 
between the lines joining the eye of the observer to the two 
objects. It is \ised in navigation for measuring the altitude of 
the sun, or of a star. 

Exi>t. 9G. Examination and Adjustment of the Sextant. 

—Examine the sextant, and notice tliat the instrument consists 
of a graduated arc AB, of about 60“, connected with two fixed 
radial arms CA and CM>. A third radial arm CD is movable 
about the centre C of the arc, and carries an index and vernier 
at D. A clamp fitted with a tangent screw is provideil to 
give a slow motion of this arm. At 0 is a plane mirror, called 
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the index glass, attarlietl to the arm aiul witli it ; tla* 

j)laiie ot’ this mirror slioiiM he ]>erj»oiitli(*ular to the j»lune (*f tho 
arc. At E is fixed a ifieeti of jilate glass, vhose lower lialf only 

is silvertHl. Tho of tliis 

glass also is |»erj»eiulieular to tho 
plane of the are. It is <alle«l 
tho horizon glass. T is a tt le- 
pointing t*»\Viirds the hori- 
zon glass, rsnally tho instrii- 
meat is prnvidtd with a ntinilM-r 
of ei»ii‘ured gl.isses for (liiiiinish- 
ing the intensity of tho snn^s 
light. 

When file index glass is 
exaetly paralli‘l tr) tho liorizon 
gla>s, rays from a distant i>hjeet 
ean rrat’li thi* tt^h ^-opt* ]»y M‘par- 
ate path>. One srl of rays 
pulses throngli the unsihered 
part <*£ the horizon glass and e!\ti*r< th«‘ without 

deviate >11. Anotlier set i»i ra\s is rrlitM*tetl fn>m tin* mirror to 
the silveied jmmihui of tlie li«>ri/.on gla^^, and enters tlie tele- 
s<*op(* ill the <aine ilin‘«*tioii a< tin* lir>l set. The parallel rays 
are hroiiglit to a foeius in tli>* foeal ]»]ane of the o)»j(Tt glass, 
and give ri>e to a sing].- imagii of tlie distant object. When 
thi> is the ea.^e tlei index arm 1 ) should Im* at tie* zero of the 
gradiiatnl are. Jf it be not, the reailingof 1 ) should betaken ; 
it is called the zero reading. If now the arm I) with its mirror 
be turned throngli a small anirle, tlie rays refieeted by the 
mirror will eiit»*r the teleM'0]»e at a ditl’erent angh*, and the 
image forim*fl by these ray.s will be displaced with regard to 
the image sem directly. 

Siippc^se it is re>[uired to measure the angle between tw'o 
objects in tlie din etioii'Y KJ' and C'U re.s]>ectiveiy. The sextant 
is supported so that tlie teleseope is pointed directly towards 
the object in the direction KI\ tlie rays passing throngli the 
un.silvered glass. Tin* mirror (’ is turned till rays coming in 
the direction lU’ are reflected almig (’E, and fall on the 
silvered ghuss wlii<*h reflects them into tlie telescojic. Then 
the anghi l>etween tiie dir<*ctionH of the txvo objects is the 
angle KCX^ which is twice the angle AC'D, tiirough which the 
arm CJ^ has turned from the zero position. This is seen from 
the foregoing experiment, the direction of tin* ray reflected from 
C Ixiiiig the same (('Kji in each case. 



D 
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To ftiivo the arc AB is usually graduated so that 

each degree is iiuinlmred as 2 degrees ; and the reciuired angle 
' can therefore be rea<l directly from the gniduations. The 
ditlerence lietween tlie present reading and the zero reading 
gives the angle BCX^ retpiired. 

In order to olUain accurate results the bdlewing conditions must 
Ih‘ satisfied : — 

(1) Tin* plane of the index gla>s must Im/ perj»eii<licular to llie 
plane of the graduateil arc. 

(2) The axis of tlic telt‘scope must be parallel to the ]»lane 
of the arc. 

(d) 'J1ie zero reading nm>t ]>e taken for eacli pair of objeets 
used ; it varies if the distance of the objects frajit the sextant is 
a]tere<I. 

Adjusting s<-rc\vs are j*rovi(h*d for making the necessiirj" adju.st- 
ments, Init we shall assuiiu! that this ha> alreatly been attended to 
by the instniment-in.iker. 

If 7. Measurement of Azimuth with the Sextant. 

- I’se tlu! sextant to measure tlie angh* 6^ )>etween two objects 
ill the .sime horizontal plane. Two candles or**l\vo incan- 
descent lamp.s may conveniently l>e employed. The sextant 
must.be lield in the same liorizontal plane as tlie object.s. 
Measure tlie distance to each object, and calculate the distance 
between the objects from these distan<*es and tJie angle 0. 
(Xmfirm the result by measuring the distance l>etween the 
object.s directly, 

10x1*1’. 98. Measurement of Altitude with the Sextant. 

— Tse tlie .sextant to mea.sure the angular elevation of a 
distant (»bject. In this measureiiunt the foot (»f the object 
.sliould be on tlie same level a.s the sextant. Calculate its 
height from the angle measured and the horizontal di.'itance 
from the foot of tlie object to the .sextant. If jKjssible, 
confirm the result by measuring tlie height. A better method 
f»f finding tlie .iltikude of a di>tant <>bject is to measure the 
angle between the object seen ilirectly and its image formed 
by a horizontal mirror, such as tlie surface of mercury. The 
angle thus measured is twice the reijuireil altitude. 

§ 3. ItKFUAlTUiN .VT PlAXE SUKF.VC’KS 

THE LAWS OF REFRACTION 

Wh(»ii a ray of light passes from one medium into a sccoml, 
its dircetion is in general changed, ami the direction of the 
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refractoil my i» f6und to obey^ for all i*jotn)pic ^ Ineilirt, the tim 
la>v» of refmctiori here stated. ^ 

Law I. The iiiculont ray, the normal to the surface, and tha^ 
refracted ray lie iu one plane. 

Law IL The mtio of the sine of the angle of incidence to 
the sine of the angle of refraetitm is a constant for any two 
particular media and for light of a [vartieular colour. I'liis 
constant is calle<l the refractive index (/i) in |)assing from the 

fii-st mcdiiitu into the second. 

'finis if AB (Kii;. IJIO) repre- 
sent the surf/vee of sepiratioii 
hetweeii the two media, SB a 
ray iin-ident at the ])oint P, and 
NI*X' the normal to the surface, 
the refra(‘ti‘tl ray Bli lies iu the 
]>lane containing SB and NPN', 
and 



^)n I 
sin /• 


a (oiistant« 




>\here i is I lie angle of incidence, 
i.e, the angle SBN, and r is the angle of refraction, i,f, the 
angle KI'N'. 

The absolute refracti\e in<h‘v f»f a snbsUnce is the value of 
the consUint when a ray passes into tlie snbstiincc from a vacuum ; 
this is nearly the same as tin* value obtained for a ray passing 
Into the substance from air 


Kxct. do. Verifleation of the Laws of Befiraction. — Place 
a recLingular glass bJork on a large ^heet of drawiiig-jiaper, 
and mark its position by diawiiig a fine pencil line round it. 
Then set up two pins on one sidi* of the bhM-k, so that the 
line joining them may rejiresent tlu* direction of a ray incident 
obliquely f>n the glass face. The two pins should Ik* at lea*t 
10 cm. ajiurt. i^ook thrrmgli the glass from the opposite side 
and move the IukkI until Ixith pins can Ik* seen. Tlien, using 
one aye only, move the head until the two pins appear 


^ Au isotropic iiie<liutii is a sulistaiice wliirU hIiowh no dilfcreucoH of quality 
ill different directions. 
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to be in one etraigbt line, SSi up two more pba between ^ 
the block and the eye, eo that these also appear in line with 
the two pins on tlic far side of tbe block. The second {lair 
of pins should be at ImMt 10 cm. apart. Note that w’lien the 
eye i» just on a level with the Hurfare of the paiKsr the ]Kunt8 
where the femr pins jiierce the paper apjKnir to l»e in one 
straight line. Since the block is lectungular, the noriiial to 



tin* rcfra**ting >uifa<‘c lies iii the j'laiie of the pajH*r, so that 
the liist Jaw of refraction is \entie(l. 

^lark the positions of tlie pins ((\ 1^, K, V) and remove 
pins and hlo<’k from tlie j>aper. Join C’l) and pi*iHliuv the 
line to meet the tirst surfaee of the bloek at P. tfoiii KF 
and produce the line to meet the st'etmd surfaee ot the block 
at Q. CM) is evidently the direetioii of the ineident ray and 
KF that of tlie emerging ra} ; hence the ray entered the glass 
at P and ciiu'rgtMl at C^. Join PC^ ; then PQ n'lnesents the 
directimi <>f the ray of light thrtmgli the glass. Verify that 
the emergent ray KF is panillel to the incident ray Cl). 
Draw the normals at P and at Q. 
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The angle t'f iueulenee at the first .''Urfan* is SPX. C^ill this 
angle /. 

The angle of P‘fraetioii at llie lirst <urfjie<? i.s Henote 

this by r. 

The eorn'siHMuling angles, MQH ainl at tin* seeoiul sur- 

fare, are ilenntt'd by / ami t re>piM‘tively. 

1\» tiiul the ratio ot* mu / to sin r two inetlituls may Ik* 
eiu}»loyeil ; 

(1) Measure tlie angles / ami r witli a prolraetor. ami look 

up the values of the sim's in the tobies (p. Calculate the 

value of ^ • 
sin r 

(2) A Graphic Method. — Itcscribc a circle with P ii> c**ntre 
ami a radius 4»f at lea>t lU eni. Find the j>oint S wheie the 
incident ray cut> the circle, and also the p«>int W wiiere tim rc*- 
fraeted ray PC^ (produced if m‘cc>s;ir\ » (Mits the cir«*lc. From S 
and H draw perpen<U<*ulars SN and UX' to the normal at P. 
Mea^^UP* carefully the lengths of thest* jMM pendieulars. 


Then 


siiw SX SP sX 
siiw'HXMU* KN‘ 


(’aleiilat** flu* v.due o| 


sX 

ILX’ 


In order to \eiify the second law* of refraction the d<‘‘ 
termination must 1 m- r--jHMted f<»r o/ /ntsf ftr,, other posilionN 

of the iiu’iilent rav, 'Die valm*s of . obtaim‘d for ditlerent 

.'^in /• 

va]uc.’> of / should lie in <•lo'^c agrt*enient, ^Du* mean of these* 
values may In* tak* ri to repruMuit the refractixe index of 
tile glas>. 

A similar delcrminatioii may be ap[>lied for tlie n fraction 

at the .'5<*cond >urfaet! of the glass, >)jowing ' J*’ ^ is a con.^tant. 

sin r 


The. first constant dcterinine<l, ^ is the refractive* index 

' >111 /• ' 

from air to glass. 

Tlio second constant is the n*fraetive imiex from glass to air. 
They may Ik* denoted by <,/0/ and ,,/o, rcsjicctively. Jt will U* 
found tliat y/A„ -- 1 /w/v 

Thi.s can be deduced from the facts fliat the block of glass is 
]>arallel-8i<l(*(l and the eim.-rging ray is ]iaralh*l to the incident ray, 
i,e. i^e «*5d r ~ 
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since / = • c, tlirn* i>< no prcNliirnil liy n‘fr;u*tioii tliroii*'!! 

a parallel -silled Idock of aiiv iiH‘diiiiji, the deviation at the one 
surface Isdiig cjxactly reversed at the other. 


REFRACTION THROUGH A PRISM 

When a ray passes throne'll a piism of glass, or of some 
optically dense medium, as in Fig. 132, the deviation at the 
first surface is usually followed hy a deviation vi the same 
dbrdioif at the second surface. Kven if this be not the case, 
there is on the vdmlf a deviation produced when a lay of light 
passes tlirough a |>rism, the ray being bent towards the base 
of the prism. Tlic angle b(*twccn the direction of tlie emergent 



Fit.. l;r2. nprractjuu throivli a Fr'.'.in. 

ray <^T, and the direction of the incident ray SP, is called the 
angle of deviation. It is the angle marked D in Fig. 1 32. The 
amount of deviation produced by a given prism varies with the 
angle of incidence. It can be .shown both bv theory and by 
e.vpcriment, tb.it the .•ingle of deviation is b‘ast when the ray 
pas8C.s through the prism symmotricaliy ; ih.it is, when the 
direction of the r.iy in th*' glass (PQ) makes eipial angles with 
the sides of the prism. The prism is then saiil to be in the 
position of minimum deviation. 
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” ' ■'iS it 

^ ^ H * * 

V '' In .thia case it ean be shown that if i and r are the angles 
of incidence and ref^tiooi the deviation D » 2rl and the 
angle of the prism A « 2n 

This gives ^ i ~ i(A + 1>) and r -- J A 
Consequently 

sill I sill i(A + 1)) 

‘ - •“ I A ~ • 

sm r sm iA 

To find the rofractivc index of the j^luss of a prism u 
measure the refracting angle A of the prism, anti the angl 
D of .minimum deviation, and calculate /i from the formula 

sin UA^D) 

^ sin iA 

Kxer. 100. Refhiction through a Glass Prism, using 
Pins.- --Place a large ghiss pn>iii on a sheet of (lra\ring-|)Ji{ior 
with its refra<*ling e«lgc vertical, marking its jxisitioii with a 
fine pencil line. PIjum* a pin veiy close^to one face of the 
prism ami another j»iu alnmt 10 cm. away from the first. 
L<iok into the other side ol the priMii, moving the ey(3 until 
the two pin^ when >e<*n through the lefracting angle of the 
j»rism fipjH’ar to Im* tme In'liiml the othm*. Phu*e tw'») pins 
between the e>e ami the pri'^m, in line with these first pins us 
viewed through the Draw' the incident ami emerging 

rays, product^ them until they im'td^ml find the angle of 
deviation produci‘d • iiml also the angle of emergtmce. Keep 
the first pin in tlie same position in contact w'ith the prism 
side, but place the second pin so tliat the incident ray 
considertMf m.ikcs a ditlerent angle of incidence with the 
prism fa4*e ; find the corivsi^ouding emerging ray and angle 
of deviation. 

Itepeat this for several angles of incidence, altering this 
by 5 at a time, and jilot a curve, sliowing the variation of 
the angle of <leviation v^ith ditlerent angles of incidence. 

This curve will have a minimum value correH|K)nding with 
a certain angle of incidence*. Show tlmt for this value the 
angle of incidence and the angle of emergence are equal. 

Exit. 101. Determination of the Angle of Minimum 
Deviation for a Prism (Pin Method).— i'lace the prism on 
the drawing-hoard as Ixjfore, with a pin in contact with one 
of the sides including t)ie refracting angle, and a second pin 
about 10 cm. from thia 
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Observe these pins by looking through the refracting angle 
from the other side of the prism, placing the eye so as to see 
the two pins, one bf^hind the other. Rotate the prism about 
the pin in contact with the siflo, moving the eye so as to keep 
the i)ins one behind the other in all jK)sition.s of the prism. 

The prism when rotaUMl in one direction will require the 
eye to move in the direction ir/tirk tftje refrnrtuuf amfle 
2 toinis\ reversing tlje direction of rotation will require a 
motion of tlje eye in the opposite direction n‘"ig. l.'PJ). In the 
tirst cast*, the motion of the prism reduces the deviation of 
the light, and us tins is what is desired, the prism must be 
rotated so that the eye, wdn‘ii siglited on the pins, moves in 
tlie direction in which the refracting angle points. 

AVlien the ]»rism lias liem rotated tlirongli some angle in 
this manner, tlie pins will appear to be* stationary for a little 
wliih*, although the prism is ]M*ing inov(*il slowly all tlie time. 
A fnrtlier rotation of tin; ]»risin reipiires tlie eye to its 

former motion. "J’liis means that tlie deviation is lH*giiming 
to again. The )»risiii must be rotated back again 

slightly until tlie eye is as near the dotteil line (ilv as j»ossi}»I<*. 

When the prism i'^ in the ]»o>ition of iiiininiiiin deviation, 
set up two j)ins to mark the dire<*tion of the* emergt'iit ray, 
and tra<-e tin* outline of the pri'^in on tlu‘ paper marking the 
n‘fracting angle A. The prism and the j»ins may now l>e 
rein<»ved, and llie diagi am completed by j»r(Hluciiig the incident 
and the emergent rays so as to show tlie angle (*f minimum 
deviation, D. As a clieck on tlio aecnraey of the setting, 
notice whetlier the ]»ath of tlie ray through the gla>s makes 
equal angles with the faces of tJie jiri'-m. 

To determine tlie ivfracti\e index of tin* gins'* ]»y means of the 
formula 

sin .\( A *f 1>) 

' shlLV' 

two methods may be employed : — 

(1) With the Protractor. — Measure tlie angles A and D 

with the protractor, and iiiid the values of sin J>) and sin .\A 

by means of tlie tables. 

(2) A Graphic Method.^ — Tlie angle of minimum ileviatioii 
having been marked on tin* pa]H*r as already described, the }»rism is 
Jilaced on the ]>aper so that one edge coincides with the direction 
of the emergent ray, and the vertex of tin* prism coincides with 

' For Uiis method we ure imlebted to our oollejigiio, J)r. W. Wilson. 

K 
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tho |M>int of intersection of the iiieideiit anti emergent lays. I’ho 

an^le of tlio prisin is I'jen inarked 
Q on the i»a|H‘r by tlmwiniK' t line itlunj' 
the seeoial e«l^e of the ori.^in, as in 
Kig. ]X\, With K as I •Hire aial a 
ratlins of 10 or Ih cm. a eir<*I(j is 
cles4?rilK*il, the three lines in 

X, V, anti Z. 

Then fn>in tlic ^;e«>ini‘try of tho 
tigiire 

sin i(A 4 1>) XY 
“ sin iA ^ 'XZ* 

anti then*^^!^) 

XY 

Measure the lengths of XY ftiul 

XZ ainl ealculite the value of /i, 

TOTAL INTERNAL REFLECTION AND THE CRITICAL ANGLE 

When a my of light jwisses from a <Ieriser into a rarer 

meciimn, it is bent no'<niii'oui the nornial, !*' * is <: 1. 

sm /• 

Thus the angle of let’raetion increases more rapidly than the 
angle of incidence. 

For a certain angle of incidence C, the emerging ray is 
parallel to the surface, i.r. the angle of n*fraclion is 90^ and 

thus - V— = the refractive iinlex from the ilcnser to the rarer 
sin 90 

medium. 

But sin 90'" = 1 ; therefore this refractive index is equal to 
sin C. 

Light incident at an angle greater than this angle C cannot 
emerge, since the angle of emergence would require have a 
sine greater than unity, which is impossible ; the whole of the 
light in this case would be reflecteil totalhj iniet*nally. 

This limiting angle (J, which is the angle of incidence for 
grazing emergence, or which is the smallest angle of incidence 
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for which total Internal reflection occiiik, ciilleJ the critical 
angle for ihis pair of media. 


If the rarer niediiifii is air, isin C is the recii>rocal of the 
refractive index for the denser niediuin (p. 2.‘3S), since it is the 
refractive index from ihr, dense inediutn into air. 

Kxit. 102. Determination of the Critical Angle. — A 
tliin Jilm of air is enclosed between two iwirallel plates of 
plate glass which are k(!pt 
Si^parato by a thin india- 
rubber ring, or an annulus 
cut out of tinfoil. This 
apijaratus is fixed to a 
vertical spindle parallel to 
the faces of the plates, so 
that the whole may be 
rotated aljout a vertical 
axis. The angle of rota- 
tion can l)e measured by 
means of a co-a^Bal circular 
scale, AA! (Fig. l^U). 

The glass j»lat<s with 
^ the enclosed air lihn dip 
into the liquid of which 
the critical angle is to be 
determined. The rnjuid 
is contained in a cubical glass box i>P/, ilie *s of which are 
of plate glass. 

A beam of light is passed throiigli tlie liipiid in a direction 
at right angles to one pair c»f sides. In onler to obtain a 
deliiiite beam, two narrow slits Sj K, are eiiiployetl, so that.the 
eye looking through one slit reeei^es the bt.‘am from a source 
of light U'yoiul the other slit. 

When the air tilm is peviKiulicular to the path of the beam 
of light, the light passes through it. As the sj»iiKllo is 
rotated, the angle of incidence of tlie light j»assing from the 
liquid to air increases until the eriti(*al angle is nached. If 
the spindle is rotated through a greater angle, total reflection 
occurs, and no light is transmittcil. I'he position on the 
graduated circle at wliieh this <H*eurs is noted. The cell is 
then rot4ited hack so that the liglit is transmitted agjiin, the 
rotation being continued until the light is extinguished once 
more. The jiiigle through wdiich the cell has been turiietl is 
equal to twice the critical angle for the litpiid. 


s.! 

r!-t 


I 

f 
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Tlio n*fuu*tivi‘ iiuU'x of tlu* i-' tiit-ii o •i.uiif'l from 

till* fnrmuhi 

^ sliiC* 

iVtirmiiio in this Wiiv tlu* critical aii^lo uinl tm* n fra«'ti\c 
irnh'X for watta*. 

The extinction takes jil ico \\iu*n ilie li^hi is int‘i»h*nl in in the air 
film between the ^lass j.*-. A\ht*n the an^h* of inoiilrner m the [ihmt 

is the critical angle fi»r gliiHS. The critic.il angle i»htaiii*‘<l, however, is the 
critical angle for water. Tlii*» U Nhi»\\n as fnilows 


If the angle of ineiih nee in the w.it. r is T, the criiieal angle for water, 




1 ^ 


. -ni ( 

f! , 

Ft- . 

t 

1..' rr < -i. A’ 

. th- 

b.<h* to til** w.il<r 

t' .11 !);•' i’l iH' .*1 aiigh' 1*1 w.'itfi, 

tlip r* foe 

’..i.! -• I'f ■ 

• rii.‘ 1 '••.cj 

ih*’ iTll l« .'ll iilJg!*' Ini 

T 

ji':' t t i\ iiit* 1 n i’ 

i-*i. ii'.n will 

«Miur .il lln gl.iss.air mu fur 

U'h*'li th» 
fnr W!iO*r. 

.ilig'.*' •»; in-i'i'ir*' 

l«» ih* watcr-^] 

4'"' .oirf.i'*r thr i-riii'-.il anglr 


REFRACTIVE INDEX BY APPARENT THICKNESS 

To nn observer looking verticiilly iiitt) a jioikI the depth of 
the water appears less than it m-tually i>. In the same way the 
thickness of a .slab of glas.s appears smaller than its real 
thickness to an f»bserver loc^kiiig through it. This i.s a direct 
consequence of the bending or reTractioii of the light in passing 
from the water or the glass into the air. 

Let P be a point from which rays of light pass to emerge at 
the surface SS' separating the two media (Fig. 13G). Two rays 
PS, PS' equally inclined to the normal FO will be refracted in 
directions SC^, S'(^' as shown. T’he directions of these rcfivictcd 
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rays, if ])io(liice(1 l>a(:kwanls, rnccit in a point 1*'. An observer 
looking into the optically denser iiiedimn and receiving these 



two rays would infer that the point P' reiaesented the position 
of the object. 

If /I 1)6 the refractive index in passing into the denser 
medium, 

sin QSM ^ sin SP'O 
'' " .sin J’SN ~ sill Sl’( ) 

OS S!*' _ SI* 

" OS S|*'“SI’" 

When the observer is looking in»rmally i?ito the slab, the 
angles (.)I\S and OP'S are very small, so that SP becomes 
practically the same as OP, and SP' as OP'. 


thickness 

" 0^ "" Apparent thickness 

If then wo measure tlio real thickness and also the apparent 
thickness wo can determine at once the refractive index of the 
material. 

Exct. lO.b Refractive Index for Water by Apparent 
Depth. — Place a small white olyeet at the bottom of a can 
or beaker. A poiiittul j>ieee of white pajK^r weighted by a 
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coin will tk*rvo admirably. The bottom of the t .m must Iks 
bbu'koncd, or the Waker must ataiul on black pajH'r or a 
(lark KncU* Fill tho vessel with water, and place it at such 
a height that tho oUserver can look down into it. Then fix 
a second {Kijior tH>inter in a stand so that its height above the 
^ surface of the water^u be adjusted. On looking down into 
the water the first jiaper can he seen without difficulty, and 
a rejlecteii image of tho secoiul formed by reflection at 

the water surbice can also Ix' distinguished, fmumleil ihet /oim* 
face of the scc*fnd ji4i/ttc is weil UlutmnatetL Tho height of 
the second paper must now he adjusted until there is no 
])cirallax iK'tweon the two images in question. The rt‘fl»H*t<Hl 
imago ami the r<‘fra<‘ttHl image are now coincideril ; but the 
imiige f4>rmod by n tle< tion is at iho iviim* distance lx*Io\v the 
water surface as tlu* |.a|H*r p<*iiiler is above that surface, (’on- 
secpieiitly tho a|*|Mr< ait tiepth is ctpial to the *listanc*e of the 
second al*«oo tie* water surfais*. Abstsure the a)tpareiit 

depth and tie* o*al d» i*th an*! raloulatt‘ the refractive imlcx. 

Exi^. lot. Refractive Index for Glass by Apparent 
Tilickness. — I'so a huge r**<*tangiilar bio<*k of glass j»lac<*d on 
a slieet of wiiite pajHT a**)****'- uhii'lt a slniighl lino has Uen 
<lrawii. On lr>okiiig down fr**m above th** whole of the line 
•'an Ik; st'‘*n, but |*.irt oi it % i*‘Wt**l thrf*tigh tlie glass, jiiirt of 
it through air ahmr. Tlie part of the line seen through 
the gla>s is apparently raiMvl. Jt.N apparent position is 
tlctcrmined i»y raiding ov lowering a horizontal pin ])laced 
jKiralhd to tlic line, \\iTh its point in eontact with tin; side of 
the Vd*K:k, and timiing when there is no parallax btdw'cen the 
jKjint of the i»in and tlie lin»* seen through the glass. The 
j»in for tlii'i purp<».>e sljould l»e immnted in a stand Ciipablc of 
vertical adju>tm«*iit. 

Measure the *U>tance from* the point of tho pin to the 
upiKT surface of tlie gla^s, ami alsf» the real thickness of the 
block 6f gla>.s. Calculate the refractive imlex of the glass. 

This method is suitablr* only for thick bhicks of glass. For thin 
sheets ('2 cm. thick or less; a vernier micro<>tope with a vertical 
adjustment is often eniph»yed. 

Exi»t. 105 . Refractive Index by using a Microscope. — 

The micro.sc;ope is focussed (a) on tlie paper, or wjinc other flat 
surface, when there is no glass, ( h) on the pajier througli the glass, 
and (c) on the tipjier surface* of the glass, Ciire being taken that 
there is no parallax between t!i(5 image seen and tlie cross-hairs 
of the microscope in each (!a8o. 
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l^'rom the readingH of the vernier saJc \n tliene i)08itiona 
l>olii tho real tliicknesa and the apparent tiucknoas of the 
glass plate are easily deduced. The refractive index is then 
calculated as before. ' 

The method with the vernier microscope b also applic^ 4 r 
in . the case of liquids of which 'Only small qtuuitities sure 
availaUe, The microscoi>e is focussed on the base of the/ 
containing vessel when it is empty and also when it b full, 
and again on the up]ier surface of the liquid, a floating speck 
of lyco|)odiuin being use<l for focussing on the upper surface. 


§ 4. Caustic Curves 

In the elementiiry theory of reflection and refraction at plane 
and spherical surfaces, it is assumed that a pencil of rays proceed- 
ing from a given point will, after reflection or refraction, converge 
to or diverge from a second point — the conjugate focus. In 
general, this is only approximately true. Two consecutive rtvys 
may intersect one another, but the ])oint of intersection need not 
exactly coincide with the point of intersection of two neighl)Our- 
ing consecutive rays ; all the rays touch a certain curve called 
the caustic curve. 

As an example, consi«lcr reflection at a concave hemis] Clerical 
mirror when tlie incident rays are all parallel to the j»rincipal axis. 
Fig. 1.*17 shows that only rays near the axis pa>s through tlie 
lu'incipal focus half-way between C aiul A. The other reflected 
rays touch a caustic curve which i> syiniuetrieal about tlie axis and 
has a cusp at the point F wliieh i> the principal focus of the mirror. 

Kxi't. 106. Caustic by Reflection. ^Fake an accurate draw- 
ing to scale in the note-b(K>k showing the caustic curve when 
parallel rays fall on a hemispherical mirror. 

Draw a semicircle to represent a section of the mirror. 
Then draw any ray ]»araIloI lo the axis (’A. The cori'esjKmd- 
ing reflected ray nmy 1 h' found hv a simple construction. 
Draw a circle with centre i* so as to touch tho incident ray. 
Draw another tangent to this circle from the point where the 
ineiileiit ray meets the mirror. Tliis tangent represents tho 
reflected ray. (Prove this.) 

Ib'pcat tlio construction for several rays ]>arallel to the 
axis, and dniw a curve to represent the locus of intersections 
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of i*oiiso<-ntivo iiiys. 'rii’h t iirvt* is a srtfina nf fho 

must if 1»\ ivIliH'liun Jit a miiraxo hfnn>}»luTir,il niirH»r t‘»r 
iiifivloiit raVvS ]KU'allfl ti» tiu* axis. 



TIu* c;iu>tir c\\v\r t.y n*frafti<»n through a glas^ 

may tra<*r«l fAjujiimuiitalh l»y incaii^ ut pin>. 

K\j"j. 107. Caustic by Refraction.- T. ay tiu • glass hlock 
a '-h»‘*jt nf ili.iwing ami ti.\ a pin aiaml 2 rni. from 

ou** inriuji* on oih: of tla* longrr sich'S as jit A (Fig. 

Mark otf a iiuiiiImt «»t' jioint.s J*j, 1*.„ 1’., n tiu,* np|«»sitf 

sidtj of the block halt a cciitiiiu-tre a|»art. I’lact; ii pin at 
one of tliev point-, 1*^ .say, ami deOuiniiu! \\lu*n? another jnn 
1\' nni>t he* j»lac«-fl, >n that on looking lljrough tlic ))lock the 
three piiirt apjicar in a straight line. Kepeat tlie observation 
ff»r each jM)int P. Wlien all the points have been found, remove 
the glass block, tlur trace of which sh(»uld be marked on the paper. 
Join the points ly by a line and ])roduc<* it in botli diroc- 
tion.s. Joijj the points P., iV in the same way. These two 
lines will meet in a }»oint which represents the virtual image 
of tke pin A as .seen by an c*ye near ly. Join the remaining 
pairs of points in the same way. If the work has been done 
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<*arcl'iill^ il will Lc foinul fliat all tlie lines toneh a caustic 
nir\c ))a\in^ a well-dernHMl rusji. 

I II oriler to oLtaiii Loth Lraiirlies of the caustic curve, it may 
Li‘ iiecessjiry to shift the jrlass Lhwk sideways to the position 
indicated Ly the dotte<l lines. To an eye looking normally 



through flic Dock, tie* virtual image Mould appear at the cusp 
of the caustic. 'Fhc diagram .should accompany the .students 
nolivs or lie rej»rodu<’ed in the note-]»ook. 

Next calculate the r(*fraclive index of the glass Ly the 
Ltrmula })ro\ed <»n p, iMo. 

Leal thii’kne^s of Llock 
^ Aj*pareut tliicknc>s of Llock 

The apparent tliickne.v< i> the distance from the faee i»f the 
Lloek n«*are.st the oL.scrvcr to the eusp of the eau.^tie curve. 
Tin* n*al thiekiu.ss ^hould Le measured M'ith a jiair of oallii»ers. 

N'otk. The positio?! of the point nf tlie eus[t A' eannut W de- 
lermiiK'd Mith great aecuraey, and the %alue of /t oLiained by this 
graphic construction is therefore m»l very exact. 
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SPHKkK Al. MlkUORK 
,•5 1 . iNTRonn’ToKY Thkoky 

Thk mirror usually oousidered in elementary Wi)rk is a j)olislie(l 
surface havin^^ the form of a portion of a sphere. The centre of 
the sphere of wliich the mirror forms a part is called the centre 
of curvature of the mirror. If the polished surface faces the 
centre of curvature tin* mirror is concave, if the polished 
surface fae<*s away from the ceutn* of curvature the mirror is 
convex. The centre of enrvatunj mu^t he distinguished from 
the centre of the face of the mirror, which is usually called the 
pole. The axis of the mirrm* is the line joining the centre of 
curvature to tin* pole. 'Fhe angle subtended by the diameter of 
the face of the min or at its centre of curvature may be called its 
aperture 3 the aperttirc of a mirror is usually small. 

If a pencil of rays parallel to the axis fall on a spherical 
niirror, they will cither converge to (in the case of a concave 
mirror) f)r diverge from (in the case of a convex mirror) a point 
on the axis, called the principal focus of the mirror. 

The principal focus of a spherical mirror is situated half- 
way between the pole of the mirror and the centre of 
curvature. 

If a point source of light be placed at the principal focus of a 
concave mirror, the emergent pencil will consist of rays parallel 
to the ^is. If a convergent ])encil be directed towards the 

2.00 
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princij^ai^'f^tts of a 'convex mirror, the emergent raye will be 
parallel to the axis. 

Definite conventions must bo adopted with regard to the 



Concaue Mirror Convex Mirror 

I'l* . - r/.n<‘a\e an*! f / n\< \ Mimn-. 


slgrns to be attached to distariC(»s measured on the axis r»f a 
mirror. The following are usually eiuploved : 

(1) All <listaneos are to be ineaMued fiom iht> jiule of the 
mirror. 

(li) Distances on one side of the iniirnr aie considered 
positi\e, on the other side ne^jative. 

(,'J) Distance's are to be considered positive when meuMircd in 
a direction towards the source of light. 

With these conventions the radius of curvature and the focal 
length of a concave mirror are reckcuied positi\e, while the radius 
of curvjiture and the focal length of a convex mirror are reckoned 
negative (Fig. 131»). 

Tw’o i)oints on the axi^ arc said to be conjugate foci when 
a pencil of rays di\erging from one point and retiected from 
the mirror either converge to or diverge from the second point. 
One point may he called the geometrical image of the other point. 

In the case of a mirror, radius of curvature r, focal length 
A the distance u of the object from the pole and the distance 
V of the image from the pole are connected by the formula 


The curvature of a spherical surface may be measured by 
the reciprocal of the radius of the sphere. It is ^asy to sec 
that tho surface of a sphere of large nulins has smalreurvature^ 
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while the surface t)f a sphere of small nulius h«as large cur\aturti. 
Thus if r tlenoto the radius of a sphere, the curvaturo of the 
surface may Ihj denoted by U, whore li - - 1//-. ()[)ticians use a 
special unit for measuring curvature, tlie DIOPTRE, lliis unit 
repi*es6nts the curvature of a sphere having a radius of 
1 metre. 

Hence the curvature in dioptres 

_ I _ 

r (metres) / (cm.) r (in.) 

'rhe following tabic should In* >tudie«l iii order to form 
deti.iite ideas as to curvatures e.vpresM'd in liiis way 


' loo ' 

1 f 
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The Curvature of a Small Circular Arc is Proportional to the Sagitta 
of the Arc.-- It' AMU tl..- cii«.r'I «»!' .m .m ATI*, tin* 1*.M un thu 

tli iiiifU r tin* i litml at riitlil 

i- oilh.l ih« sagitta di- sag 

..r iImj ai--. 

Xma I'M . M«) ::^MA-’, ..o 

M \- 
Mil* 

a)ij»ro\iiM 

M.V- MA- 



VW 


Q 


'M 


R. 


Fl'.. 140 ,— Ciirv.kt'iK' of ail arr. 


Tlnn in ihf ciivf of ;i numhi'r of 
•'iH.all <-iic\ilar airs liavin^ tin* same 
oiidivl, tin* cnrvalnn* of any aro is j»ro» 
Itortional to Uu; Hagitta. Thrsagittu 
is tlift ili.stanro nn-asumi by an 
onliriary K|i]if;ronionr, an<I it i.s jio^.sibb* to con.stiiift a splicroinetor which 
shall «h't»*rmiiif* tin; curvature <if a siirficc din-ctly in ‘lio[»trcs, Sini)tlc 
in.'^triiinciit'i ha.scil on the ^alnc ]irinciplc ani iisol hy opticians for ineasnring 
the curvature of the surface of a spectacle lens. 
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§ 2. Formation ok a Rkal Image by a Concave Mirror 

Image and Object Coincident. — If a small bright source of 
light be placed at the centre of curvature of a concave mirror, 
all the rays of light will fall on the face of the mirror normally. 
Con8e({uently each ray will he reflected Iwick along its original 
path, and all the reflected rays will pass through the centre of 
curvature. Thus an image of the source will lx* formed at the 
point of intersection of the rays at the centre of the sphere. 
Hence image and object coincule in position when the object is 
at the centre of curvature, and an innrifd image wdll be formed. 

Kxit. Determination of the Radius of Curvature of 
a Concave Mirror. — Tli«‘ jmsition of th»‘ centre of curvature can 
1 m.* fouml rt-adily by si tting up a Miiall obj(.*rt mk-Ii as a pin, and 
fintliiig, by tin* nu*tliod of panillax, the j^Ksitiou in which the 
oiiject and tlie iinag«- coincidt*. The mirror may l>e fixed with 
its face v<*rti«*al, in which ca.M* it slmnld 1»* set up on a table*, 
or it may Ik* tixi'd with it^ fa<c liori/ontal, in which case it 
should be placed Oil a stool of uaivenieiit height so tliat the 
obscrvi*r can lo(»k down into it from .ibo\f'. On looking into 
tin* mirror the oliscixrr will set* the refhetion of his own fan*. 
U^iiig one eye imly, the head should In* moved until the 
rt'llectioii of tin* f)]K*n eye is .<een in tlie middle of the inirror. 
Then the e\e ami its image an* in tlie a.\i> of tlie mirn»r. 

Now take a pin ami }>laee it so that it> ]>oint lies on the 
axis. Wlien thi.^ is tin* ea>e the ]»oijit of tlie pin will appear 
to overlap the image of the eye MH*n in the mirror. If this 
adjustment is correct an image of the pin .should Ik* seen in 
the mirror, and, provided the pin is not loo near tin* mirror, 
the image slioiild be iiiverteil. The imjiortaiit point to K* 
observed for success, in juactically all optical cxj>erimcnts 
using pins, is that the obst'rvcr .should get as far aw.iy a8 
convenient from the mirror or lens, and the object-pin should 
also be at a <*onsidi*rable distance. 


'' Wn 

Fi«.. 1 ll.--('oiiU’nleiUM* nf Tin Voint :inil its Inm^e. 

'riu* adjustment so far made secures that the }>oint of the 
pin lh‘s on the axis of the mirror, but the olject aiul image do 
not necessarily c*oiiieiile. The pin must be inovea so that, to 
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the eye looking along the axiH, tbo^iomt of the pin and the 
point of the imago coincide. To test for such comcidcnco the 
method of i^amlhuc Is employed (jjco p. 229). 

When no iiaralkx can bo dotccteil the (wint of the pin w 
at the centre of curvature of the mirror, McasuiH) the i^iua 
of curvature^ ue, the distance from the pole of the mirror to 
the point ^of tho pin. 

Calculate the curvature of the surface in dioptres. 

To check the result, the nidius of curvature may k* measuretl by 
means of the spherometer, but it iinist he reiiieinlK^rtHl that in this 
case it is the front Mirface i>f the mirror that is employed, wliile in 
the ojUical mcasureiiient it i> usually the bat k surface that is niatle 
use of. Many sor.illetl concave minors luv a<‘tU{illy converging* 
lenses mounted with a plane mirror Udiiiid tliein, or they may be 
lenses silvercil on the I'uck >urface of tlu* h ns. 

Conjugate Foci.— When an object is placed bctw»‘en the 
princi|)iil focus and the centre of curvature of a concave mirror, 
a real, inverted image is formed at a disUince from tho mirror 
greater than the raditis oi curvature. Such an image can be 
received upon a screen, as the rays forming the image actually 
intersect. 


Exit. 100. Determination of the Positions of Conjugate 
Foci of a Concave Mirror, and Deduction of the Focal Length. 

- Determine the radius of curvature of the mirror by the 
mctliod dcscriU*d in Kx[»t. lOS. The principal focus is 
midway Ijetwccn the centre of curvature and tlie pole of 
the ifiirror. Phu c tin- j»in, witli its point still on the axis of 
the mirror, between tlie centre of curvature and tho princi]ial 
focu.s but not far fr«>m tlic centre of curvatun* at first. For 
this position of the pin an image will Ik; formed real, inverted, 
and magnitied, at a distance from the mirror greater than the 
radius of curvature. 

To find the image, the observer should get at a considerable 
distance from the niirnjr, with his vye on the axis of the 
mirror (see p. 253). An inverted image of the pin will then 
be seen. For convcnimcc, the object-pin may bo provided 
with a small flag of pa|)er to facilitate the recognition of its 
image. 

Now take a second pin and set it up with its point along the 
axis of tho mirror and u<lju.st it by the parallax method, until 
it Is in the continuation of tho inuige of the first jiin. Having 
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fciutid the correct ]) 08 ition for the second pin, measure, as accur 
ately as possible, the distance from the jiole of the mirror to thic 
l>oint of the first pin (te), and the distance from the pole di 
the mirror to the image, to the point of the second pin (v). 

Kepeat. the experiment for three or four ix)sitioD]6 of the 
ohject^ moving the object nearer to the prin(:i[)al focus for each 
successive experiment. Note that the image moves further 
from the mirror as tlie object approa^Jics the mirror. 

The focal length (»f the concave mirror is now calculated in 
each case from tlie foriuuia 

v^f# r^/' 

Signs in Optical Formulae. — Tn using any f(»rnmla for iniiTor> 
or for lenses, the signs in the foimuhi must never l»e altered. The 
values of the various cpiantith-s observed, //, e, cte., should l>e written 
down at tlie side, with tlie |ir<i|>er sign ( + or - ) jiretixed according 
to the coiiventifuis on p. *J51. They sliould then l>e substituted 
in the formula, and no ‘rectification* of signs sliould l>e made until 
the actual nuiuerieal values have Imhmi substituted in this manner. 
Failure to observe this rule is eertain to lead to errors, especially 
ill the more coiiipliculed exiuessioiis which are used in dealing with 
lenses. 

§ 3. F(m:mation of a ViiixrAL Ima(;k dy a Sphkrioal 

Mirkou 

' When a real object is placed in front of a convex mirror, or 
between the pole and the principal focus of a concave mirror, 
the image formed is virtual. The directions of the roHected rays, 
but not the rays thcniselvc.s, intersect ; consequently such an 
image cannot be received upon a screen. 

Exn*. 110. Determination of the Focal Length of a 
Convex Mirror by the Fin Method. 

Mktuod T.— Flare a pin in front of a convex mirror. The 
image is always behind the mirror, but its position can be 
found if a large pin is placed behind the mirror, and adjusted 
until its head, as viewed over the toj) of the mirror, gives no 
parallax with the virtual imago of the first pin as sc'en in the 
mirror. Owing to spherical aliormtiou, the adjustment cannot 
be carried out very accurately if the a^ierture of the mirror is 
large. Sometimes a small area of the silvering is removcil 
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from the centre of the mirror and the pin K'hind the mirror 
is viewed through the tninsparent hole left. 

Observe the i>ositioii of the re!lecto<l imago for several 
})ositioiis of the object ; note that as the objt‘<’t appr^xurhes 
the mirror the image also is brought nearer to the mirn»r. 
Measure a and i’ in t‘ach ease. 

Calculate the focal length o{ the mirn>r f*»r (Mrii pair of 
distances obtained, taking special ]>rt*i.-autions as to the sign.-* 
t»f these ijuantities note above). 

For other inetlcMls suitable b*r Use with a convex mirror 

^ee pp. 2(> 1 l.**‘*7. 

K\i*r. 111 . Determination of the Focal Length of a 
Concave Mirror by means of a Virtual Image. — ( ’any out a 
simil.ir ex|*oi inu nt with .4 c.*//eoiv mirror, ])lacing the objoet- 
j»in bel\\et n the principal focus and tin* pt>le the mirror, 
tiud hicatiicj the \irttial imagt‘ either by l«M>ki!ig o\cr the top 
of the mirror, or through a liole in the inidille. 
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j; 1. I\TK*>j)r(TonY Th):c>j:y 

Tiik lens considered in elementary work is ])ound<‘d l>y two 
surfaces cacli of which forms a portion of a spliere. The lens is 
supposed to he //////, that is, the distance between the two surfaces 
is small compared with tlie radius of curvature of either surface. 
Since there are two suifaces there inu'^t he two centres of 
curvature and two radii of curvature. If one surface of the 
lens is plane the coirc'^pondin^ radium of curvature is intinite. 
The line joining the two centres of curvature is called the axis 
of the lens. 

Lenses may l»e divided into two classes, converging and 
diverging. 

A conver^in^ or, a> it is often ealieil, a convex lens is thicker 
in the middle than it is at the cd:res, 

A divcr^itiu or concave lens is thinner in the middle than it 
is at the edi^es. 

Lenses (unlike mirrors) j»ossess two principal foci and two 
focal lengths, which are, however, equal to one another 
numericaliy. The focal length is the distance from the lens to 
a principal focus. 

The first principal focus is the. position of the object (point) 
for wliich the image is at infinity, or the point corresponding to 
parallel emergent rays. 

The second principal focus is the position of the image 

2:*7 * s 
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([)omt) when the ohject is at infinity, or the jioiiit co respoiuling 
to parallel incident rays. 

A .plane drawn perpemliriilar to the axis tliroiii.h llu‘ 
where the axis iiuets the lens is ciilled the principal plan© of 
the lens; planes drawn per|)etKlieulur to the axis through the 
focal points are toimed the focal planes. 

The optic centre of a tinn lens is the i>oint when; the axis 
meets the lens. 

The angle subtended hy the diameter of the lens at a prineipal 



focus may he railed the ap* riiiiT of the lenn ; the ajM-rturo of a 
lens is nsimlly >iuall. 

xVs in the case of mirnas, definite cunveiitions must he used 
with rc-iird to the signs of all diMaiices measured along the axis. 
The usual conventions arc as follows ; — 

(1) All distiiiicfs are to hemeasuiM-d /n>m fln‘ ol the lens. 

(2) Distances on one hide of the lens aie considered positive, 
on the other side negative. 

(3) Distiinees aie to be conshlered positive when measured 
in a direction towards the source of light. 

In speaking of the focal length of a Ions, it is customary to 
consider the distance from the lens to the sreond jiriticipal focus 
as the focal length. With the conventions adopteil, it follows 
that the focal length of a convex lens is to be reckoned negative, 
and the focal length of a conxare lens noR'dive. 
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In the case of a lens of focal length /, the distance d of 
the object ftom the lens and the distance Kof the image from 
the lens are connected by the formula 

i t I 
V u f 

If wc put ^ = V, ~ = Uj y = the formula may be written 
V - U = F. 

In this equation IT mcaHures the curvature of tlie incident 
wave-front, V the curvature of the wave-front after passing 
through the lens. 

The quantity F, which is the reciprocal of the focal length of 
the lens, is called the focal power of the lens. 

From the point of view of the Wayo t heory of Light, this 
formula expresses the fact that the cliange produced in the 
curvature of the wave-front by the lens is e<|ual to the focal 
power of the lens. These curvatures, and also the focal power 
of the lens, arc measured in dioptres (p. 252). The focal 
power of a lens is 1 dioptre ^ when its focal length is 1 metre. 

§ 2. Simple Experiments with Lenses 

Exit. 112. Determination of the Character of a Lens. — 

A simple, yet delicate, tcNt b»r de^tinguisliing l)etween a convex 
and a concave lens is to hold the lens just in front of the eye, 
and to move it from sale tt> sidu wliilc viewing a distant object 
through it. If the object appear to move in the opiMjsife 
directioTi to the lens, the lens is rnfirv.r: if the object api»ear 
to move in the samt' direction as the lens, the lens is ro/nvnv. 

Test a mind)ei* of thin lenses in this way, and sei)arate the 
converging from the diverging lenses, 'fhon combine the 
lenses in pairs and determine whether the combination is con- 
verging or dl\erging. 

Examine the image formed by a coin ex lens of focal length 
20 or .‘10 cm. When the lens is close to the eye, the image is 
ereet and magnilied. If tlie (d>jeet is distant the image seen 
will l)e blurred, but objeets at a smaller distance will give 

* Spcctocle-iiiakcrs call tlio fooal ]K)\vi*r of a convex lens positive, ami that of 
a concave lens negative. This convention is the opposite of that adopted above. 
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* (listiiu*t virtiml Tf, wlit^n \ir\vin^' ri di i.ml nl.jirt, 

tiu' l(*us is moved Jiway'^from the eye, tlie ima^v !• < niii»‘s mnrr 
and more Marred, until at a eortain distunet' it - imjM>-.-.il»lr 
to distinguish the tdiararler <»t the oKjret at ,ill. IT, Iwom vi-r, 
tin* lens is im^ved >«ill further fr»»m the <*ye an in\ ileil iina^'e 
Nxill l»o seen. This is a real image fniineil l»etv< n the lens 
and the eye. 

Kxamine, in a similar way, tin* imag<‘ hanied a i Mneav.- 
leu'!. The image is always tavet, iliminished and Mitn.tl. 

METHODS OF DETERMINING THE FOCAL LENGTH 
OF A CONVEX LENS 

Mlthod L By finding* the Imagro of a Distant Object. — 
If rays fnun a very distant stuiree of light fall on a I'onve.x lens, 
they are rendereil <*onvergent ami Lrought to a fomisat tin* |)rin<’i]»al 
f#-H‘U.s of the lens. The distanee from the h ns to thi.s point is the 
f^K'id length i»f the lens, 

Kxrx, ]l:L Determination of the Focal Length of a 
Convex Lens. I.— A simple metliod of finding the |»rineipal 
foeus t»f a eon vex len< eon.si.sts in forming a n*al image of a 
distant on a s<T*»n l»y meaii'. of the h‘ns. If <lireet 

light from tlie suii eannot l»e u^mI, employ a distant l.im}» or 
window as the ol.ji‘»*t. Adjust the h-iis su tli.tt a sharp image 
\< f*'eussod <iU the •"•‘neu, and nna^iirr tin* ilistaner from lens 
to sereon. This i-- appn>\imao ly fh** focal lenglli. It is 
es-oiilial that tie- distanee of the ohjeel shiudd he gre<it ruin' 
pan*d with tie- focal length of the Icus umler test. 

Mi:tho1) if. By using* a Combination of Plano Mirror and 
Lena. — If a point .-oJir<-e light M* pl.m d at tin* prineipal foeiis 
of a convex len..- tin; rass em»'rging horn tic )• ns wiil hi- parallel to 
oie- another. If le-w a j*lam; mirror !»«• placi-d at rigdit angles to 
tin* em»*rg*'nt ra\s, tlj» \ wdl Ih- n tlf « t« d ha' k along tie ir original 
path and after passing tlnongli tin; h-ns will form ii real image 
at tlie point from whidi tln-y .staitt d. 

This fjict may be mad*; the ba^is *if a .siin[»h' im*tlnMl *»f fiinling 
the |»osition of the jirincipal focus of a eon\**x huis or of any 
converging system fd lenses. 

Exit. 1 1 L Determination of the Focal Length of a 
Convex Lens. II. -Plan* a pii'c** of plane inirnu* fa< e njiwanls 
on a table; on it ]>]ace the lens to }><* teste*l. Siipjiort a pin 
in a Htand so tliat its point is v**rtieally above tin; centre of 
the face of the h.*ns. A i«4H;r flag attaclierl to the 2>in may 
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1m‘ iisrd with advantage in finding the rml inverUd iinage.^ 
'I Ijc oli.scrver iim.st get as far away from the lens as ooiivenient 
(seHi the caution on [». 2o.‘>y 

'I lie j»in must now he adjusted till the j)oint of the pin and 
the j»oint of this real image* coineid<*, that is until there is no 
parallax hi'tween iheiii. 'fhe method of adjustment is exactly 
the saun* as that alnady de.scrilM-d in the process of finding 
tin- ra«lius of curvature of a cf»ncave mirror (p. When 

this position has hemi found, mea.''Ur(; the distance from tlie 
iipptT .surface of the h ns io the j>in, and also the di-stance 
from the lower surface of the lens (/.c. the .surface of the 
mirror) to tlie ]>in. 'J’lie mean of the>e distance.s gives the 
foc.il length of tin* lens. 

Tlie .same m(*thod may he applied when the len.s and mirror 
are suj»i)orted with their faccss vertical instead of horizontal. 

Mkthoi) III. By finding the Positions of Conjugate Foci. 

In this method a pin is .set up on one side of the lens so as to give 


image of Pin No. 1 



Pin No.t Pin No. 2 


Fic., 1 i:i.- C'<injUj,'au* Fori. 

a real image on tla' other .^ide of the lens, and a second ])in is 
adju.''tiMl .so ,as to <-oincide in j»oMtion with this real image. 

For this to he pos>ihle fwo conditions mu.st Ik* .satislied. The 
ohject must he at a distance from the lens greater than the focal 
length, 'fhe distance between the two ]»ins must he not less than 
four times the h.cal length. 

K\v\\ llo. Determination of the Focal Length of a 
Convex Lens. Ill, — The ailjustment pn*^ents no dillieulty if 
the pin he placed .s«>me considerable tlistanoe from the lens, 
and the observer ]>laee his eye along the axis of the lens, on 
the sitlo remote from the pin, and at a considerable distance 

' Wlu'ii llie pill is :it a sullirioiit tlistaiire from tlio Ifiis thr ini.ige is ival and 
iiivrrttMl. If tlu* pin is lowrrrd tlir iiiia.m* Iwcomos blurrrd, and if it is lowered 
still furthiT tliii ii’.iajjr is virtual ainl erect. The action of the eombiuatiou of 
lens and luiiror is .similar to that of a concave mirror. 
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"from till* The dbject-piit shmiKI lie supplieil with a 

small tla^ as lit»foiv. When the iiivertinl iina^^o of pin Xo, 1 
is set np a seocmil pin (pin Xo. *2 in Fig. aiul 

ailjiist it till its jK>int eoineides in position with the jxiint df 
the iimige, using the method of panilhix. 

Measure as aeeurately as passible the distani’t* from the 
lens to the object (a) and the distance from the lens to the 
image (v) and calculate the focal length by means of the 
fonnula 

I I I 
vu /• 

Remember to take into account the proper ;»lgus for w and 
V when suKstituting tlio nuineriei\l values in the formula (st‘e 
note on p. 

RejHat the ob>er\.nion^ for two other positions of the 
objeci-pin, ami take the mean of the values obtained for /‘to 
represent the fcK.‘al length. Calculate also the focal jiower of the 
lens ill dioptres. 


METHODS OF DETERMINING THE FOCAL LENGTH 
OF A CONCAVE LENS 

Method I By Use of a Distant Object. — If rays from a 
very distant source of light fall on a concave lens, they an* 
rendered divergent and apjicar to pnaced from the principal focus 

of the lens. 

% 

110. Determination of the Focal Length of a 
Concave Lens. I, — Set uji a retort stand at a well-lighte<l 
window and at a <Ustance of sevi;ral metres from the concave 
lens. Flare the lens verticfdly in .f holder, and view the retort 
stand througli the lens. An erect virtual image of tlie retort 
stand will be seen, this image lacing cm the side of the lens 
remote from the obserMT. J5y placing a pin on the siviiie side 
as the retort stand, but close up to the lens, the position of 
this image can be found. Tlic jiin is adjusted until, ns viewed 
over the top of the hms, tliere is no parallax between it and 
the image ol the retort stand viewed througli the lens. The 
distance from the lens to the pin is the focal length of the 
lens when this condition is satisfied. 

Method 11. By Determiuation of Ooi:dufirate Foci. — In the 
case of a concave lens a real object gives rise to a virtual image on 
the same side of the lens as the object. 
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Exi*t. 117. Determination of tlie Focal Length of a 
Concave Lens. II. — »Stit up a pm at a dwtance of about 1 
ira^tre from tin; li*iis and adjust a second pin to coincide ■aith 
the inni^c of tlic first j)in foriiieil by the lens, in the* same 
as described in Method L for a distant object. Mea&ure uie 
distaitc(;s of the object and image from the lens. 

Hepi^at the experiment for several pfisitions of the object 
and calculate the focal length of the lens from the formula 

I I I 

v~ u" f 

taking due note tlie signs of tin; <juantities involv<*d. 

Notk. — The image seen through the lens will he distorted in 
consequence of spherical al>c*rrati<»n, and the adjustment of the pin 
seen over the toi», to the position wjn*rc there is no jiarallax, is only 
approximate;. 

Method HI. By combining with it a Suitable Convex 
Lens. — When two thin lenses are plated in contact the focal 
))Ower of the combination is et|ual to the algebraic <um of tlie focal 
powers of the tw<i eonqioneut len>es. That is 

or, siiKM; the focal power is inversely proportional ft) tin* f»u*al length 

111 

/ f, i: 

In these formulae F, f refer to the ctnnbination, 1\, t\ to the 
first eoinponent, F.„ /!, to the second eoiupoiumt. 

Fxpt. 118. Determination of the Focal Length of a 
Concave Lens. III. — If with tlie given concave lens a convex 
lens of suHicient }M)wer (or of shorter ft>cal length) is combined, 
a combination is obtaineil which iW’tsk like a convex lens. The 
focal length of this combination may be measured by any of 
the methods already given for a convex lens. The focal length 
of the single convex lens may be measured in a similar way. 
The focal length of the t'oneave hais may then be calculated 
by substituting the values obtained in the formula above. 

Care must l)c taken with regard to signs. According to the 
conventions adopted, the focal length of a convex lens or 
of a converging combination of lenses is to be considered 
negative. 



CTIAPTHR IV 

FrirniKK fai‘Kkl\jknts \vitj{ mirkoks 

AND LKNSKS 

1. Kadii's of (’ruvvrriiK of a Sfufimoat. Mipjiok 

SoMK simple methods of iimling the radius of curvature of a 
spherical mirror have been described in ('hai)tcr il. AN'Iien the 
image formed is real, its po>iti<>n may be foimd accurately }»y 
the method of parallax. ^Vhcn the image is \irlual, the results 
obtained by this method are less a< ourate. 

RADIUS OF CURVATURE OF A CONVEX MIRROR 

MKTtron IT, By usin^ a Plane Mirrord - AVlwn an object is 
plae<*d in fpirit of a convex mirror, the iiiiagtr l’uriiie»| is nee<‘ssjirily 
virtual and lie> bi*t\veen the ]»rin‘*ipal fecu*^ and ihe of the 

mirror. 1’he fnllowiiii: iiietlcMl, \sliieh is more generally appli<*able 
than the ]»in nietluul already deseril>ed, may be usi-d to lind the 
position <»f the virtual imag»*. 

Iv\ f*T. 1 1 0. Radius of Curvature of a Convex Mirror. II. 

- -S* t up a pin some (li'^tance in front of tin* convex mirror. 
On looking into the mirr»r from a }>osition Ix^hind the pin 
the, virtual diminished image e.iii be s»*eii easily. X<»w set u]> 
a piece of j)l.in‘‘ mirror In'tweeii the ]»in and th(! cr)nvex mirror, 
so tliat its upper « dge is on a level with the eentie of the face 
of the convex minvir whilst its ])laii(; is perpendicular to the 
axis. Then on looking into the mirror as liefore from a 
|iosition Ijchind the j>in, only the iip]ier half of the <‘onvex 
mirrf»r will be seen, the lower lialf being covered by the 


^ For Method I. see p. 255 , 
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mirror. Twf) iniages i»f tin; jiiti will be Sfon, one in the 
convex mirror, the other in tin* plane mirror, the former Ixiing 
smaller than the latter, as shown <in tin* right of Fig. 111. 

« The plane mirror must now lx* ailjn.^ted until there is no 
jiarallax In'tween these two images ; that is, until tlie image in 
the e(»nvex mirror ajijiears to ]»e a continuation of tliat in 
the plane mirror uheii the eye is moveil into dlfl’en-nt i»ositir»ns 
from si»le to side. The image in the convex minor should 



Convex Plane 

Mtrror Mirrur 


luuit;^ in Convex 
Mirror 



hutitu Plane 
Mirror 


remain aecurati'ly in the rtnfre of the* plam-mivror imago j 
wlien this is the ease, the image Q lormed of tin* phi 1* by 
the convex mirror at A eoineiilo in po-Nition with the image 
of I* formed hy the }»lane mirror 31. Meastire the distances 
A I’, AM, and Ml\ (Verify tlie a< ( ura<‘v of the measurements 
l)y seeing that AT ^ AM + 311'.; Since M is a i»Iane mirror we 
know that 31D— 3I(J. 

lienee find AQ wlih'h is the difforenee In'tween 3U^ and A3r, 
i.(\ between 31 1’ and AM. 3Ve m»w’ know the mn/it^ncal values of 
//, the distance of the oliji'ct from the pole, and •»f t\ the distance of 
the image from the pole. AVe can tliercfore determine the radius 
of curvature /•, or tlie focal length ^»y means of the formula 

I I 3_ I 

v^u r~ r 

Pay spe(‘ial attention to the .signs of the (juantities considered. 
Several ilitlerent determinations .should he made, varying the 
lJO.sitions of tlie plane mirror and of tlie j»in. 

Method III. By using a Convex Lens. — When a suitable 
convex lens is placed between n pin and a convex mirror, it is 
possible to adjust the Ions and the pin so that a n^al image of 
the pin is formed in coincidence with the pin itself. 
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AVhen il^o }K)!al of tJic jnii roiiuriflvs with its iiiiagis i tvs .shirting 
from the must rt'trace their origiiml iuUh after falling on the 
convex iiiirnu*. The cfnalitioii nc5eea.sary U that all the uiyH kIiouIcI 
fall on the minor nonnaliy, or, in other words, that the rays aflfer 
l^aasing tlmmgh the Ions should Iw directed towards the eontre of 
curvature of the mirror (Fig. 1-15). If then wo can find the 
to which the rays of light converge after |uissing through the leiia 
wo can find the centre of curvature of the mirror. 



Kxpt. 120. Kadius of Curvature of a Convex Mirror. III. 

— >Sot \\\i a ]*iii voiiio (Hmuikm* in tmnt of thr nuivox mirror. 
Jh'twtvii tiuj pin liiid thv mirror m i up a c*<*n\fx Ims s(» that 
its axis eo\noi*los in dir*Ttion wiili tin* axis of the iiiirror, Jly 
proi>eiiy adju''tiiig iho leu- and (if ni*ee»ar\ ) the pin, a 
inverte*! image of tin* pin ran Iw formed and inatlc eoinride 
in j»ositioii with the pin if.-elf. This coineideneo can he te.sted 
hy the inethrsl of parallax. Measure tlic distance LA between 
the mirror and the lens. 

Ilemove tiie riiirrov altogether, hui he careful not to afUr 
the of the ItitA aivf the j»hi, TIilu set u[» anotlier 

pin so that its jKiint may .coincith* in j»osition with tlie 
image of the first pin forimd by the lens. Te.st tin; eoincidenee 
by tlie method of parallax. Mtjasnre the distance L(' lK*tw*een 
the lens and the secoml pin. Sinee the pin is now in the 
position that w’as (occupied by the centre of curvature of the 
mirror, the null us of curvature is found at once by subtracting 
the first measurement from the secSiid : 

r-TA.’-LA. 

Notk . — K lens of .suitable focal length must be chosSiL; The 
distance LC mu.st lie greater tlian the focal length of the lens, 
and the distance I’C must be at least four times the fodhl length. 
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Tlu* of iill tliese exiieriiiicnts may lie cliecked liy measur- 

ing the viulins of eiirvature with the splieronieter, hut it must lx? 
Doted that tlie Hpherometer givea the melius of the front surface 
the opti(;al method gives the ap|>arcnt radius of the back 
surface in the ease of a glass mirror. 

Calculate also the curvature of the surface in dioptres. * 

Exirr. 121. The Radius of Ounratuxe of a Concave or 
Convex Mirror by means of a Turn-table. — A convenient 
method of detfinnining the mdiiLs of curvature is by the use 
of a turn-table, consisting of a flat table wliicli can turn about 
a vertical axis. The mirror is mounted on the table so that 
its axis is j>arallel to the table. A low-power telescoiKi is used 
to view an ink-spot or a sjieckof lycoprKlinmat the jxde of the 
mirror, and the position of the mirror on the table is adjusted 
Till no moti<jn of this spot is observed wlien the table is rotated. 
This ]Hiiht must tln^n lie, on the axis alwait which the table is 
rotated. 

The telescope is now used to view the reflection of some 
distant object in the mirror, and tlie mirror is adjusted again 
on the turn-table till no motion of this reflected image can be 
observe<l when the table is rotated. This will be the case when 
the centre of curvature of the mirror lies on the axis of rota- 
tion of the turn-table; for then the result of rotation is merely 
to substitute one ]K)rtiou of the spherical surface of the mirrcir 
for another, so that no dispkicement of tlie reflected image 
takes place. 

The distance between the two positions of the ’"mirror on 
the table is equtil to its radius of curvature. 

§ 2. Fck;aIi Lkxoth of a Lkns 

THE TELESCOPE OR RANGE-FINDER METHOD OF 
TESTING LENSES 

By the following niethcHl very aceurate determinations of the 
focal length of a lens can 1 h' made. The inethtHl is |»artieularly 
interesting a.s the actual position of the prinei}>al focus is determined 
l>oth for a convex and a concave lens. 

Light diverging from the first prineijial focus of a convex lens 
emerges from the lens os a parallel beam (Fig. 142). 

If ^ parallel })eiim fall u}K>n a concave leijs it is rendered 
divergent and ap))eurs to proceed from a point which is the 
principal focus of the lens (Fig. 142). 
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In tlio ciiM’ »‘f thin the ili'^tance hftwefn the lens mikI the 

l»nm‘ii»al hK'Us is tMlK-ii tlie f«MMl length the Kmis. 

The :i|*j‘;uMtiis nMjiiiretl coiisi.vts of a iummIIo ith a .sli.n'i* jMiint 
mounted in a >taiul and n tt.l» M‘u|ie witli an r\t*-|»ieee of hlfeh 
magniticiition. 

PIxi'T. \' 2 ’ 2 . Determination of the Focal Length of a 
Convex Lens. — Tlie teh>ei»|ie mU'-t he focussed carefully for 
l»arallel liirht. If tlie te]i\sc«»|K‘ is |»rovidi‘d with cross-wires, 
iirst h'Ciis t!n‘ eye ]>iere till the cro.-^- ^vire•^ are seiui distinctly, 
ainl then fc»cns na a \ery di-^tant ohject {M*en through an open 
wiinlow ) N'‘ Ourr t.< no /‘tilhrr Infu'n n tlic iiiiat^e on the 
crowwiiv and the cr«*v.s-wiiv. \\ hen <»nee this adjustiuent ha** 



ri'., T''. - I -fa* h- Ny I . 


heen made it nm>t m»t he alter, d diirin;^ tlie <*(»iirse of the 
e.vperiineiit. 

Set lip tlie leIe-eo]ie (.n the tahli* w'itli tlie a\is horizontal, 
and pl.iee the ♦••nisex leri', tin* fneal length of which is to he 
measured, in front of ili*; ohjeet ;:las>j takin;^ care that the* 
centie of tin* len-. is on the axi*' of the l»*luscope. Mount tin* 
in‘edl(i so that its point at the same lielglit as the centre 
of the lens and nn»ve it ahont in Iruntof the, lens till an image 
is seen in the field of the l» h M*f)pe. 

Adjust the position of tin; n(;edlc raridiilly so as to give the 
sharpest possihh; image with the point of tin; neeille in tlie 
centre of the lield of view'. There must he no parallax 
]»etwx*en the cross-w'irc ami the image of tlie pin as seen 
through the telescope. The point must then ho at tin* 
principal focus of tlie lens. For as the telescope is focussed 
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for ]»iirullel light, the light falling on the object glass mast form 
it parallel Imsuii in order to give a clear image. Hence the 
light must diverge from F, the principal foc-u.s of the lens. 
Mcasiin* the distance AF, the focal length c)f the convex lens. 

Kxct. 123. Determination of the Focal Length of a 
Concave Lens. The focal length of the concave leii'< must 
he h‘ss tliaii that of tin* con\ex lens just found for the 
following iinMhod In lx* appli<ahh\ J*ir>t liiid tla; principal 
f<»cus F of tlie e(mvex h‘ns A a^ in tlie ]ire\ions experiment. 
Then plaee tlie coii<*.ive len> (’ hi'twem A and F, and move 
it about until objects at a great <listance are focussed cll*arly. 
When this is the case F mu>t al.>o be tin* princij>al focus of 
the comave Inns, 'i’lm path of tin* ray^ shown in Fig. 14G. 
Parallel liglit from a di>tant object falling on the cmicave lens 
i« reiulered di\ergent and a]»|K‘ars tn l oiiie fi'nm tlie priiicij>al 
bxMis of tin* lens. 'I'lii^ di\ergi‘nt light i.'^ rendered ]»arallel by 
llie enn\nx h*ns. Ilnn<e the iniiieipal fneii.s of the convex 
lens must coincide \\ith tlie principal hjcii.s of the concave 
h‘ns. Mna^urn the distance CF, wJiieli is the focal length of 
llie concavt* lens 

Tn linding the po>itioii of tlm j»oiiit V in l]ii> cas<* wc may 
dispeiiM* with the iiendle point and iiiovn tlu* coin-ave IcMis till a 
point on its surface is focu»ed sharply. This point will be at 
F, and the fo<-al leiigtli is tlm di>tance CF between the two 
j»(»siti()ns of the lens. 

A pair of loupes suitable for this e\jM*riinent may be seleete»l 
without ditlieulty ; they will form a tli\orging eonibination when 
l»laced in conta< i. 


§3. 1 >KTI:HM I NATION OF KF.rKAClIVK InDK FS 

F\i t. IJI. Determination of the Refractive Index of a 
Liquid, using a Concave Mirror. — Flace tlu* mirror with its 
fa<‘e hori/ontal at a convenient level, so that the (d»server can 
look down into it from above, .\djust a pin so tlial the 
image of its ]Miint eoinciiles in jMisition with the point itself 
as testeil by the method of parallax. The ]iroeess of adjust- 
ment lias i)e 'll descrilnul already on ]>. 233, where it was 
show'll that the ]M)int must be at the centre of curvature of 
the mirror. Measure* tlit* distanci* from the 2>ole of tlie 
mirror to the eeiiln' of curvature. 

Flaco a small quantity of the liquid, the refractive index 
of w'hich is sought, on the face of the mirror so as to form 
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a shallow pfxil from 5 to 10 nii. in iliuinftor. juljust 

tho pin so that its point coiiu'ule.s in posit inn with tlio ival 
iinaj:«* formed hy ndiootimi in tlio luirntr, aiul Mio.i^uro the 
distam-e Iroin tim |«»U‘ tho mirn»r to llio | »int. 'rl^^n 

the ivfraoiivf imh-x of tin* liquhl found i*y tin* first 

distant* (tin* ratlins of t ur\;itniv t»f tin* mirror) l'\ tlu* scrtjml. 


Tilt* truth of this statement can In* 
allowing the jiiith of a ray from the 



Fiii. liT.—Ufifrarliie lu'lf'x of a Li'jUi.i, 
* a I'oiicavf M»rrt>r. 


equal to the angle ()1*A. Tim angl 
IvON', wJiich is efplal t<) the angle OCA 


vcrilicd hy tlno^ing a figure 
ptiint to the iniiTt»r in the 
seeond ease (Fig. 147). 

Let C Ih.* the position of 
the pin in the hrst exjieri^ 
mt*nt^ P that in the (second. 
Then (* is the centre of 
eiirvature of the mirror. 
Tlie ray K), .starting from 
the point P, is n*frm tod ort« 
.*ifnking tlu* snrfmv of the 
Water at (). Tlie r»?fnu*tf»d 
ray after striking the siirfai'O 
of the mirror at 11 must 
ret rat e its original path in 
»»rder that it may return to 
the j»oiijt P. Th(‘ condition 
for this is that tin* ray Oil 
in the water .should strike 
tlu* mirr«»r at right angit s. 
Ih-neo Oil heii'ga normal to 
the inirrormust]»ass through 
tile cehtre of curvature C. 

The angle of incidence i 
is the angle POX, whicli is 
of n fractioii r is the angle 


Thms 


sin /’ ^ sin < )i*.\ 
•'‘in r sin OC’A 


013 OP^OC 
“Oh, 00 OP’ 

Wlien the angle of incidence is very small, this heoomca 
approximately A(J;AP, which proves the statement made above. 
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REFRACTIVE INDEX OF THE MATERIAL OF A LENS 

^lic! fnn.-il length (/) of <a lens depends upni the refractive 
index (/a) of the material, and upon the radii of curvature 
r and s of the two surfaces, the formula connecting these 
<iuanliti<‘s heing 


If hy experiment the values of /, r, and s arc determined the 
^luc* of /X can be deduced. 


Exi*t. 125. Determination of the Befractive Index of 
the Material of a Lens. — The focal length of the lens may be 
found by any of the methods already describeil, but for the 
]»resent det<‘rmination, if a convex lens Ihj used, it may Ije 
found by^'the [uii method Xo. IJI. on p, 2 < 31 . • * 

The values of r and 8 miglit l>e found by an optical method 
regarding the surfaces of the lens as portions of s[»htrk*al 
mirrors (see pp. 2r».‘l and 204). It is, h«>\Nevi*r, sometimes con- 
venient to determine tliest* ijnantities hy means of the spliero- 
meter as descriU'd on p. 47. It is important that attention 
should he paid to the conventions as to signs when substituting 
the numerical values for/i /*, and in the formula (p. 255). 


The refractive iiuh*x of a li<]uid, 
when only a small < plant ity avail- 
able, may l>e found by using the 
litpiid to form a lens the focal length 
of which is then measured. 

« 

Exit. 126. Determination of 
the Refractive Index of a 
Liquid, using a Lens and a 
Plane Mirror.— rSeleet a eimvox 
lens having a foeal length be- 
tween 10 and 15 cm. J-xiy the 
lens <!fti a plane liorizontal mirror, 
and lind the position of a pin 
point on the axis such that the 
point and its real image coin- 
cide. The distance from the 



Fi«J. 1 4S, Indttx of a 

usiii^ :i Li'itaaiKl a IMane Mtrror. 


centre of the lens to tlie pin is then e4[ual to the focal length 
of the lens (Method II. p. 2G0). Now place a* little of the 
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liquiil lH‘t\Vivn tlir lowor surfan* of llu- Ims muI tin* plaiir 
mirror. Tlii'j uill form a j>I.iiio-i*oiu*avr K*iis of hr li«|iii»l, fli« 
nulius of rurvaiuiv (r) (tf tlir surfmv t»f tl 

tlu‘ saim* Us tliiil of tlu‘ lowrr >iirfiuv of tlir Lrlji> Irii.s, 
ff tho foral IniLiru v»f this Ihjuiil Iriis 1 k.‘ /],, 


ft,, 1 > thr irfivo tivi- iiuUx: (,»f tin* Ih|ui«l. 

Xow tlrlt liuilio l*y tll«‘ ]»ili Ilirthml lh«‘ IhimI "t tin 

comjuniihl K ns of ami lit|iii«l. l.ft tlii-- hr ' 


Then 


III 1 

“V . 

' / ./. 


I I 


r»y moans of thi> formula, /'.( iimN Im* oalrulattMl, ami tho 
valiir thus f<*uml may ln‘ U'Otl in thr prrvious formula in 
onlor to tlotorminr n.,, Tlio xalur of r may ho foiiml hy* 
lining the s]»horomrlrr. 


Thr foregoing method may Im* usrd lo tlir ri‘fractive 

iudiors of two U<|uid^, trith>mt r**juirunf a t/tr 

rntlhin of rurvfhif't r. If a oniid li»|uid, of r»‘frarliv«‘ imlrx 
>ul>stituto<l lor thr tii-nt. thr oorir'-jiondihLr oijiiatioiis will U* 


Urmr 



1 ^ 1 ^ 

I ) . and 

/• tf, 


I 

/r. 


1 


//., 1 1 f'n 

jh, ~ I 1 Jf, 


I I /’ 

I /i: ' I f 


f 'oii>#N|Ui*ntly if f\i 1m* imasiirnl }»y tin- mothofi ilrsi rihrd, 
we ran rom|i;ur tin* hitrtnitns n| thr two liijuiih. If thi5 
rrfractivo index of one Ihjuid ho known, then that of tin* second 
can ]»e calculated. 


I*]\i*r. 1 27. Comparison of the Refractive Indices of Two 
Liquids, using a Lens and a Plane Mirror. — It is couvruimt 
to use water (//. - as one <if the linuiils. (ilycerin or 

anilin may he us*d as llie other li<|uid. Measure the focal 
lengths hy the meth<Hl of Kxpt. 1 2<J, calculate 
1,/tj iiud the refractive index of the li(|iiid employed. 



CHAPTER V 

TllK OPTICAL BENCH 

§ 1. Construc:tion of thk Oitical Bench 

Tiir optical bench (Fig. 14D) is used for carrying out accurate 
measurements in connection with mirrors and lenses or other 
optical apjiaratus. It consists of a long beam with guides like a 
lathe-bed, on which can slide a number of carriages to support 
the optical fittings. In this way the distance apart of the fittings 



can l»o vjiried without any transverse motion taking place. In 
some cases provision is made for a transverse motion also. In 
order to measure the distance between two particular fittings 
between a mirror and the screen used to receive the image) the 
bench is generally fitted with a graduated scale. The determina- 
tion of the distance is made by using a measuring rod of known 
length mounted ou a carriage on the optical bench* The measuring 
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rod is adjusted till oue end of it (A) touches the lirst fittingly, 
and the position of its carriage on the bench is read, 'rhen the 
carriage is movoil till the other ciul (U) touches the second 
fitting, and the position of the carriage is again read. The 
tlifferenco between the twt) readings giv»*s the distance through 
Nv\\\c\\ the cavi’iago has been moved. The tlistanco heuwoen the 
two htlings is e<pial to this dislatiee plus the length of tlie 
measuring hkI. 

In some eases it more convenient to make one end (A) of 
tlio rod touch tJie two linings in sineession. 'riion the distance 
between the titting.> is >i!n})iy the disiama* through which the 
carriage has l>cen move<l. 

In exp**riinents with inirr(»rs an<l lt‘iises on the optical bencli, 
a real image some object i-- b»nncd u^'iially on a white screen. 
The obje< t may eon**i*.t of a j»ieee wire gauze or two wires 
stretcluMl at light angle-, aero^^ an apeitun*. The object >h«>uld 
be illuminated l)y a soujce uf iiglil placed beliind it. 'I‘he llame 
of an oil or gas h.nip may be us«*d for this pur})<)si‘ ; it is .some- 
times more convenitMit to tunploy a small incandescent cle<‘liic 
lamp mounted beliitnl a short focus Ims arranged to throw a 
nearlv' parallel ]>eam of light alonir tin* optical bench, ?.c. tlie 
di.stance betwt*en tin* b'lc- and the lam]» mint be ma'le c«jnal to 
the focal length of tin* Ifin. 

It is important in all cxp(*rimeiit.s with the optical bencli that 
•ill tJiP />//■<»',< ».'/y// niin'fif ' ii'-f'tl ^Jimihl h* on tlo‘ snnic trhii'li nm.^t 

be jKirallf'l to f^o t„oob 

2. K.vckkimknts wi'fh Tin*: Optical Hknch 

Kxpt. 12S. Optical Bench: Determination of the Focal 
Length and Radius of Curvature of a Concave Mirror. — St:t 
up the mirror in its Iiohler on the optical bencli so that it 
faces a wire gauze whieh is ilium inatnl ]*y a lamp. L'se a 
screen with a .**11^111 hoh; at its <entn! jilaced l>etwcen the 
gauze ami tin? mirror. Adjust the gaiiz** and serien so that 
the light parsing through the gauze goes thnaigh the hoh» iii 
the .screen aial falls on the mirror. Frir this a<ljustnieiit it is 
necessary that tlio source of light, the centre of the gauze, the 
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centre of the hole, ami the i>olc of the mirror fthoukl be in a 
straight line. 

By altering the position of the mirror it can be made to 
tliro\e a distinct image on the screen eh^se to the Inde. 

AVheii the image is focussed sharply on the screen, measure 
by means of tlie measuring rod the distance from tlie mirror 
if) the oliject, ?<, and the distance from the mirror to the 
image, v. Write down the values of a ami v with the proper 
signs allixed, and calculate the values of r and / by means of 
tin 5 formula 

I I _ I 

v' u r 'r 

Ke])eat the detoriiiinathm, using at least tliree different 
pr)sitit»ns for the sere(*n. 

l^astly, adjust the mirror so tliat it throws on tlie screen a 
distinct image of a wire stretched across tlie hole in tlie screen. 
The mirror must be rotated slightly about a vertical axis, so 
that this image may be as chise. to tin? hoK‘ as ]>os.sible. In 
this case ?< = and therefore r ~ a or y — Tabulate the 
r<‘sults obtained from a, ?>, 7 *, and/’. 

Draw a diagram sliowing tin* jiaths (d rays of light liy 
which a real image is formed by a concave mirror. 

Expt. 1 20. Optical Bencli : Determination of the Focal 
Length of a Convex Lens. — Set ujt the lens in its holder 
on tlie optical bench l>etweeii the illuminated object ami an 
ailjustable screen. Adjust the height id’ the lens so that its 
axis passes through the centre of the object. A blurred image 
of tin* gauze will probably l>c >eeu on the screen. The [>ositioii 
of the lens and the screen imiNt now be altered until a sliarp 
wvll-detined image is formed on the screen. 

Tn carrying out the adjustment two points should be borne in 
mind : 

1. In order that the imagt* formed by tlie lens should l>e real and 
not virtual, tlie dishince from the lens to tlie object must be greater 
tliau the focal length ; the lens must therefore be put some distance 
from the illuminated gau7-e. 

2. In order tliat tlie real image should be formed on the screen, 
the distaiu’c between the object and tlie screen must Ih' at least 
eipial to four timo.s the focal lengtli. Tlie screen should lx? put far 
enough away and gnulually brought nearer until the image is 
focussetl sharply. 
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Method I.— Let 

« (UMance from tlio lens to the object, 

)’ =: (lUtance from the lens to the imugi;, 

/= hxiU length of the lens. 

Then (p. I’oD) _ i = ' or V - U = F. 

' ' V u f 

i 

Hence if « ami v arc inea.siircil, F and /‘may Ik? calcuiatcd, 

ifeasure the tlUtunco-s it ami v hy u.'iiiij' the nu-a^nrin^ 
rml fixetl on a sliding: carrii^o, and calculate the value of 
F ami tliat of/i being earetul t<» attach tla* [u -per "igns to the 
numerical 4jtiantitif>. ^ 

Ke|*eat tli*‘ Mi.M*rvatit»iw, u>ing .it least three dill’erent 
{K)sition.<, and tabulate tln^ ivMilU obtaiiu*d. 



The mean value of f shonltl !;<• ealeulal<‘d, ami tlie btcul 
]»ower exi»ressed in <lioj»(re'-. 

Draw a diagram slowing th<^ paths of rays by >Nlueh the 
real image is forim*d by a conve.v lens. 

A Graphio Construction.— An intercNting graphic construc- 
tion for detenniniiig the value of the focal length is associated 
with the name of fSir Howard Grubb. Two axes at right angles to 
one another are taken, and the values of u are marked off along 
one axis, the corres[»oiiding ^alues of r being marked off* along the 
other axis. In the present case .since tlie values of v are negative 
the correspomling axis fs drawn downwards. Corre.spoiiding iioints 
on the axes are then joined liy straight ]ine.s, and if the construction 
is carried out accurately all such lines should intersect in a single 
point. The distance of this \mht from each of the axes is ef^ual to 
ff i,e, OM and MF in Fig. JDO are each equal to the focal length /. 

Method II. — When a convex len.s is used to fonn a real iniug(j 
of an object on a .screen, there are in general two positions of 
the lens corrcsi)Oiiding with a given distance lietwcen the object 
and the sqrecn. In one of these positions the lens gives a iiiagniffed. 
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in the other a diminished im^. The distance from the lens to 
object in the first case is eqflal to the distance from the lens to the 
screen in the second case. 



Let (I bo tlio dbt.iiue btt\\<ui the object and the Mieen, and a 
the distaiiec bet^^een tlie two positions of the len>. Then 


M — 



2 * 


and on substitutin’' in the foriuuU 

11 1 

« / 

1 . Cf- - H- 

WO obtain / — . . 

4d 

Set up the lens Ix'tween the object and the screen so that a 
real iiiLi^e is formed on the seioen Kee[nng tlie object and 
the fcicreeii fixed, nio\e the lens so as to find the second position 
in whicli it can foini a real iniage. Measure the distance 
through which the lens has betui nnned, and also the distance 
between the object and the screen, and calculate the focal 
length. • 

As a particular case of the aho\e, find h\ trial tlie j>ositioii 
for which a = 0. In this case has its minimum ^alue and 
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Exrr. 130. Optical Bench: Determination of the Focal 
Length of a Concave Lens. — Since it is iin|K)ssil>le to oiitiun 
a real imago using a .single omeave lens, it is neees.^ary to 
comlune a convex lens of sttitable focal length with the given 
conciive Ifiis in orilcr to carry «uit the foregoing inetluMls. The 
conilunation consistingof llic convex aial concave lenses shonhl 
act like a convex lens ainl the fin'iil length of the comhina- 
ti‘»n t/‘) iiMV oe f.'Uinl as in pApt. The focal len^lii 

(/* ) of tin* single r«.!ivex h-ii" eiti|»l<‘ye*l may Im* hmiiil hy tli'* 
same 'I'lieri ilu* fue.il length of tin* toncaNC lens ( f 

may lx? calculi ted hy mean^ «•! tin- formula 

I I I 

/ f\ r 

(\isr mu-t I- t.ilvji to _i\i* tin* I'n'i'.-r "iLTSis t** e.ieh rpunitity 
in thr I'-nnal'. 

P \ I r. I d I . Measurement of the Radii of Curvature of the 
Surfaces of a Double Convex Lens. - First lind tin* f'Mal 

I»*nj:tli “t tiio let A hy nju’ iif tin* infllioils alreativ »h‘>riiln'd. 
Next find tip* l'>iaii»*i' lp»m the h n> at which an ohjeei mu^t 
].e j*l iC“d '*1 tliat it may eMinrid'* in position with the image 
f*iini**d hy r* lh*‘’tioii liom th»* t.n*e •>} tlie hni" 

Tin* ^^ay in wli.eh thi^ iinaj*- fornnil dniwn in Fig. 1.*], A 
ray sluiting Ir an 1‘ and n*fraet« <l Fy the tir t surface <j 1 llie leii.^ 



F’lo. I ')!. — Il' JN'C'tpm from tli** S<-roisfl Farr* of a fa'iiK. 


will retrace its original jiath* after relleetion from tin; .second .surface 
provided it meet that surface at right angle.s. C/OiisefjUently the 
refracted ray mn.st j»ass through tlie centi-f! of curvature 
of tlic second surface. Some of the light is transmitted tlirougli this 
surface as shown by tlie dotted line.s on the right. Thu.s C is the 
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virtual imago of P formed hv rays passing ihromjh the lens. 
OP - d ami OC = s, then in tlie equation 


1 

V 


1^1 

n 


v = «. 


Hence 


1 ’ ^ 


so tliat 


s = 


df 

tf + /‘ 


If 


Tn this formula / is to he roiisideivd as having its ahjehraic 
value. 

The cxiuMiinental determination of d may he cai rieil out hy 
using the metlnxl of jiarallax with a pin as tlie olyect, but as 
till? imag(‘ formed hy relleetinii i> faint it is easier to carry out 
the im'asiireiiient on the oj»tieal heneh, using a sereeii with a 
circular apei'ture crossed hy ^ires at right angles to receive 
the image of the illumiiiated aperture. Since ohjeet and image 
are then at tlie .sum? distance from the lens, the distance from 
the lens to the s<*re(‘ii is eipial t<i d, 

Tn a dark rotiin the experiment can he done with a j*iii fitted 
with a small wi-ll-illuminatetl Hag, or in the laboratory the lens 
may In* floated »)n mereiirv to intensify the ivlleeti«m. 

Tlie radiu'i of curvatun* /’, of the other face ('f the lens, may 
Ik* found hy the same method after revelling the lens in its 
holih-r. 


Knowing the values of /, /•, and s, the refractive iiulex of the lens 
can l>e found frniii the formula 



Tlie quantities /’, r, and muNt all he prefixed with their proper 
signs. To do this for the two radii, the lens may be imagined to 
he set up for use; one side i.s considered as the incident side, and all 
distances measured on this sale are positive. Thus, if either surface 
of tlu‘ len.s is convex in this direetion, its radius of curvature is 
ii(!gativ(' since its radius would be measured in the opposite 
direction, aiul so on. 



CIIArTEU VI 

OPTR’AL INSTKrMKNl\S 

§ 1. -Mai.mi yin*. 1N>wkk or a Snivi.r. Ij:ns 

Ti£K appiiicnt size of an ohjeot tlepends on the angle whirh the 
object snhteinl-^ at the obsor^e^s e\o, that i.s, it ileponds on the 
linear dimensions *)f the object and on (listanee from the eye. 
lly bringing tiie t nearer to the eve its apiwiient size is 



increased, but when it is brought too close it cannot be seen 
distinctly. 'J'he least distance of distinct vision for a normal 
eye is taken usually as 25 cm. 

When a single lens is nsed as a simple microscope, it is placed 
close to the eye, and the distance of the object is adjusted so that 
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a virtual image is formed about 25 cm. away. Thus, if AB is 
ail ol)jr‘ct at a distance from the convex lens less than its focal 
length, a virtual image is formed at ah which should be 25 cm. 
from the eye (Fig. 152). • ' 

The magnifying power of a lens or microscope is defined as 
the ratio of the angle subtended at the eye by the virtual image 
to the angle which would be subtended at the eye by the object 
when placed cm. away. In speaking of a telescope the expres* 
sion ' magnifying power ’ is used in a different sense. 

When the angles are small we may replace them by their 
tangents and write 

Magnifying power M = 

_ 

“ Air 


Relation of Magnifying Power to Focal Length of Lena — 
Lot the focal length of the lens he / cm. Let the distance of 
AB from the lens be u cm. 


Then 

- 2i) 
1 
It 

But llie magnifying power M 


l_l 

1 

•:>5 'j 

iih 

AB“ 


25 

T' 


lienee, if / l)o known, the magnifying power can be calculated. 

Here / has its algebraic value ; for a convex lens it is negative. 

Exht. 1.12. Determination of Magnifying Power of a 
Simple Lens. 

Mkthod T. — Measure the fix-al length of the lens by 
placing it between two pin.s, and adjusting the distances of 
the ]>ina so that the image of one coincides with the other. 
Measure tlie distances (« and r) of the jiins from the lens, and 
substitute in the formula 


1 I 1 
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KcmomiHT tliat an* posit ivi* only wlirn nicastirfd 

o[‘(K»>itf t«» tlu* (lirorlinii in uliifli iht* lra\rHiiij;. 

Kjh'winu; llu* fnral tlu* iiiaunilN iiij^ pi»\\i*r i" Lii\on ky 


11. — a iniiliiui tn* scilt* <»n tli»* taklt*. aial 

siippoit au‘ tlh-r "oali* alMHit l‘t) cm. uIkim- it, and piindlcl tn it. 
^ icw tin- uppu "Ciilc \\illi tin* Kai". .ind arranj^c >o that tin* 
Inwvi* "• al*- tan h*.* >ccn iliicct!\ at tlic >anu- tinu* with the otlicr 
eye. A*lji!-t tlu Ictl' aful ''C.llcN su that l»‘»th si'.iles can he 
Stan di''tiuet!\. th*' upper !lir«'e,i;h the lett> and the hiwer 
tlirectl\. Tlfi! e>‘in»t tlf iiund'*‘r «>t' inilliinetres <»n the h'Wi-; 
scale Id'll tipi'.u t.|Ual to t\\" nr tn three inilliinetres on the 
upj'er .Male. J,» i N\ mm. nu the n[ipei sc.ile etpud N. oil the 
Inuer vcale. 

Tli. i. M ^ . 


:: *!. 'rift: Mu ItosrtM'K 

CONSTRUCTION AND MAGNIFYING POWER OF A 
MICROSCOPE 

The essential part> of a compound microscope arc iwtt coin ex 

IciisCs •>{ >h(U't f<»(';d lenetii : 

( 1 ) The objecl-grlass or objective. 

( J ; T he eye-piece or eye-lens. 

The tlistaijee lietwt-n tin* okject ainl the f>i»|ective i.> a little 
;.Teuter than tin- tocal length ol the fdijcctive. ( ’on>c<[Ucntly a real 
inverted ina^oiitied ima^u- i.< pr<idnee<l on tin* other ^ide ot tin* lens. 
In Fi;^. lo.'lAll i' the ohject, AT/ i> tl'e leal mairniti<*<l iiiNerteil 
iina;;e fosnied hy tin- object ^da^' at O. This real iinaeo is then 
viewed throiij^di the* eyc*-leii^, which aet.'^ in e\a<*tly the .sime way as 
a mat^nifyiiifr ojass.^ 

The di>tanee between th** real ima^u* and the eye leii.s Is less lliaii 
the foeal length of the li’iis ; con.M*<juent)y a inagnitied \irtual image 
is j»rodiieed. The len.'^ is adjiistejl .«*o that this virtual image is 

' If i‘X|ienun'iit on the ilflcrniinaliou nf thn infutiiifyiu'4 {mwer of a simple 
h*ns has not been dom-, it should In; woikcd thiough lud'oro going turthei* with the 
roiupound m icroscopo. 
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forin<'<l at tliu least distance of distinct vision, usually taken as 
l!5 cm. from tim eye. 

A'li' is the real imaj^e formed Ly the oLjeetive, A"li'' is the 
virtual ima^e formed hy the eye-piece 



'Pile magiiifyin;.: po^^er of the instrument is (h tined as the ratio 
of the angle sul^leiided at the eu* hy tlie imagt* A"li" to the anule 
siihtended at tlie e^e l)y the object %vhen plactul at the least distance 
of distinet vision. 

lienee the magnifying power 

^ Angh* subtended at by A !>’ 

Angle subtended at K by objtvt at cm.’ 

Angle sulftended at K bv A ir , , i 

= - » . — , . . - (where aO = Ali), 

Angle suhteiided at h by 

'V Ji^ 

, ai'pmxlmately. 

(th 

] ! \ 1 * 1 ’. 1 Ih'h Construction of a Microscope. — 1 . As t he ol ject 
Use a small piece of s<jnart‘d ]»aper, or a shoi t clearly-marked 
millimetre saile, placed on the liori/ont.d base of a retort 
stand. 

*J. rind apjMoximately the focal lengtli of the short-focus 
lens ^ to be used as objective, and support the lens aboNO the 
scpiared pajKT at a distance a little greater than this. 

Above the lens ]>lace a small horizontal platform with a 
circular hole in it, and airraiige matters so that the axis of the 

^ Thu t'v»cal length .should be less than 5 cm., prulenibly about 2 or 3 cm. 
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lens passes through tlie eeiitri' of the hole, A secoiul piece of 
squared pji|)er is fixed iin the phitfoviii. 

4. Above the [»latforin arrange on the retort stand a metal 
ring carrying cross-wires. On looking down from above, tlu» 
real niagnitied image A'lV will In? seen. Adjust the luught of 
the cro>s-wires so that there is no ]»arallax 1 between tln*m ami 
the lines of the image. When this is the case the cross-wires 
must be in the Siime horizontal plane as llie imago formed by 
the objeet-gla>s. 

*5. Place the eye-pieee' in position so as to magnify the 
image formed by the object-glass. 

6, Find the j»osition of the eye-ringr, that is the jM>sition tliat 
the pupil of tho eye mu^t turupy so as to iieduile the greatest 
niimUM-of rays iia.v-^ing tlirough tln‘eyt‘-lens. When the eye is 
in this position the Held of the eye-h‘n< sliouhl appear tilled witli 
the niagnitied imago of the Mpiansl paper. The position of the 
eye-ring may be marked bs a metal ring if de.sire<l, 

7. Adjust the pi.it form till it is em. from the eye-ring. 

Fa rr. l ol. Magnifying Power of a Microscope. 

Mktioui T. ■ ()]w4‘rve llie scjuared ]>a]»er on tlie ]datfonn 
directly with one eye wh\\c looking througii the inierosc(»pe at 
the iiiiigriilifd imago of Ilje first paper willi the otliereye. With 
pracli<*e it is ]»o>«*NiMe (as>umiiig the visi»»M «if botli eyes to bo 
normal) to se»- tlh' iwo imagrs at the same time with the mag- 
niHed sqiiao-s oviTiap[iing those, soen direetly. If any dilli- 
ciilty is biund in spring the two images together, try opening 
and shutting tin* ey<*s alt» rnat» ly for a tine* so as to see s<*pa- 
ratc image's, and tlcn opon both (yes at^mic-e to get the siqM*r- 
posed images. f)l»serve the nniid>er // of divisiems seen ilireclly 
which correspond with a mimlM-r m scm'ij tlinnigh tlie microficojK?, 
Then the magnitication is // ///, for in this rase 'ff/fff* 

Tn thisidetermiiiatiini the eyeshonlfl be plimed at the eye-ring. 

Mkthoti it. — D cteriiiine sef»arately the magnification ]M„, 
produced by the obj^'ctive, and tliat ]>rofluce(l by tlie 
eye-lens ; then the imignifying iK)Wer of the iiiicro.scoi)c is 

Jbefermhnihfn of ]\r„. — Placo a small piece of squared j»af>er 
on tlie ring su]ipf»rting the eross-wires ami arrange it so tliat 
the divisions are alongside the divisif)nHof the real image A'JV. 
Find the numlxT n of divisions on this small jdect* of pajier 
wliich correspond with a number m of the image A'lf. 

^ The lenf^h of the leiH for the eye-2)iecc ihould bo loHii than 7 cm., 
preferably Blx>ut 4 or 5 cm. 
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Drtn'Tiiivafiini — To fin<l tlic ina^'iiifyiiig power of tlic 

eyc-pieee, plaeu a Hinall piece of squared j>ii[)er on the ring dU|)- 
porting the cross-wires and arrange it so that it covers over the 
real image A'll'. Then phue the eye at the eye-ring and com- 
pare the divisions on this pit^cc of paper with tlie divisions on 
the squared pajM*r on the platform seen with the other eye. The 
process is exactly that cmployeil in finding the inagnifyiiig i»ower 
of a simple lens. Note the value of thus found and calculate 

^Ikthoi) I If. — Determine Moand M,. sc|Kiratcly Ly calcula- 
tion, and ciilculate M ~ x M^.. 

To calculate : — 


^ Size of image A'l» 

''“‘Size of ohject AH * 

Distance of image A'H' fr«nn () 

Distance of ohject from O 

Measure tliesi‘ distances and calculate M,^ Note that the 
distance of the ohje<*t AH from O is very nearly equal t/> the foiral 
length of the ohject-glas', while the distance of the iniagi* A'H' from 
0 is about the length <jf the microscojic tube. 

To calculate : — 

Assuming the oyi'-ring to In* very near the i^yc-lens the magnifying 
power of the eye-lens is given by the foriimla 



where y' stands for the algebraic value of the f<H‘al length of the eye- 
lens. FindyJ and calculate M,>, and hence determine 

M-MoxM,. 


If the distance between the eye-ring and the eye-lens is not small, 
let it l»e denoted by e. The virtual image is foriniMl at 25 cm. from 
the eye-ring, not from the eye-lens. The magnifying power is uow 


M. - I 


25 - e 


Since is nearly equal toy’ this gives as an approximate formula 

25 



2S6 


A TKXT-HOOK OF rKACTK AL I’HYSK'S 


i r Ml 


§ 3. Tin: TKLKSforK 

CONSTRUCTION AND MAGNIFYING POWER OF A TELESCOPE 

The essential parts of an astronomiciil telescopt‘ are two 
convex lenses : 

(1) The object-glass or objective of lon^^ focal length. 

(2) The eye-piece or eye-lens of sliori focal liMigih. 

The lens of long focal length forms a real inverted imago of 
a distant object. If the object be very di.<tant> as is tin* ease 
with the astrommiieal telescope, this image is formed in the 
focal plane of tlio objeel-gla^s. 


In Fig. 151, rays coming from a })oint of the distant object 

A-.. 



A, ' 
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in a direction parallel to tbc axis are brought to a bjcns at F, 
the prineijial focus of the object-glass U. A pmicil of parallel 
rays coming from .some oilier point of the <listant object in a 
direction j)arallel to AO is brought to a focn.s at A', a jmint in 
the focal ])lane of the oliject glass. 

The real inverted imago thus formed is then magnilied by the 
eye-lens, which forms a virtual image on the same side of the 
eye-lens a.s thi.s real image. 

AVhen the telescope is in normal adjustment, tlic eye-lens is 
placed at a distance equal to its focal hmgth beyond the real 
image formed by the object-glass. Consequently, in this case 
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(lie r;i} ' (‘merging fmni the, cyi'-piiice ;tre parallel, the final 
virtual image being fornie<l at an iniinitc disUiiiee from the eye. 
The direction of .the parallel rays is found by joining A' (o f], 
the centre ot‘ the eye-lens. 

If the eye, accommodated for distant vision, be placed )>cbind 
the eye-lens, the parallel rays will be focussed on the retina and 
a magnified image will be seen. 

The magnifying power of an optical instrument in defined as 
the ratio of the angle subtended at the eye by the image 
to the angle subtended by the object. 

In order to make this definition complete, it is necessary 
to specify the exact position of the image and alstj that of the 
ohject. In dealing with the magnifying glas> or the iniemxopt*, 
it is nj>ual to assume that, in making tin* companion, both the 
image and the olgc'ct are plaeed at tlic lea-t distance of distinct 
vision, that is about 2“) cm. from the evt*. 

In (he cast* of the astronomical telocnpe siieli an a'*sumj)tit)n 
would obvious]}* be al»>nrd, anti instead we a-^ume Ixuli iiiiagi* 
anti object aie at an iiiliiiitc tli^tance from lh<* eye. 

n’hus for a njf.M.'o]ie iii normal atljiLstineiit tie* magnifying 
power 

Angle MiItttMidet] by image 
Anglo .>u)»tt*mletl by ol»n rt 

^A'KIl A'KF 

""Aor. AOr’ 

^ A I' I'd* rt'ganling the cinMil.tr nioasure 
A FAd’ ’ ji> tMpial to tlie t.ingent ot the 
Miiall angle ; 

Focal Icngtli of (ibjeet-glass 
Focal length t>l i*} e-lens 

The simple toleseopc is often used to view terrestrial objects 
the dislaneo of which may he eonsideralde hut .still far from infinite. 
In such a case the ttdeseope is not in normal adjustment, and the 
final image may he formed at any distance convenient to the 
observer. Thus, the observer may adjust the t‘ye-lens so that 
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the image is at the same distance from the i \'e as I lie 
object, or he may prefer to have the tinal image at tins least 
distance of distinct vision. 



The magnifying puwrr can then W calculiitcd as follows;— 
Angle sul>t4‘ii<lcd by image 


Magnifying jHiwcr^ 


Angle Mibtended by o)>ject 

A"i:ir A'Kir 
' AUlf ■ A'OIJ * 


OlV 
“ KIV 


approximately. 


Thus tlie magnifying jjonut 

Dirttaiicf of real imagr from (;bj»*ct-glass 
Distance* of real image from (yc-lcns 

This expression holds g^Ksl whether tin* teleseojKi is or is not 
in normal a<ljustment, and w'liatcver Ih^ the distumx* of the final 
virtual image from th(; eye. 

Exit. 135. Construction of a Simple Telescope. — Set up a 

graduated scale at a considerable distance to serve as the object. 
In default of a scale, a brick wall forms a convenient object on 
which to make observations. Clioose two convex lenses, one 
having as long, the other as short, a focal length as i)oasible. 
Set up the long focus lens to serve as the object-glass so as to 
protlucc a real image of the distiiut scale. This real image 
can be seen by an eye phiced at a sufficient disUnce behind it. 
Set up a pin so that it coincides in [losition with the real 
image of one of tlie divisions of the scale. This will bo the 
case when there is no ^>araUax between the pin and the image. 
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M’hcn arninj'o short focus Icus as an cye-piccc to magnify 
tlio leal imag**, so tliat the divisions of tlie scale are clearly 
visiole. 

Jixi'T. 130. Magnifying Power of a Telescope. — With one 
eye look througli tlie telcseope, with the other look at the 
scale directly. Tlie t wo eyes are thus Ix-ing us<m 1 indejiendently 
at the same time, and this fact may cause diUiculty oti a first 
trial. The dilKi-iilty is reduced by arranging the eye-lens so 
that the accommotUition is the same for Ijoth eyes, i,e, that the 
final virtual image is formed at the same distance from the 
observer as the sciilc itself. Focus the telesco{)e by moving 
the cye-lciis, with the idea clearly^ in mind that the image is 
situated at the a(‘tual distance of the seale. If the adjustment 
is correct, and both (‘y(*s arc made nse of, a slight movement 
of the head shouhl not cause relative movement of the two 
images. 

Fix the att<‘ntiun on a certain detinite nuhjl)cr 711 of 
d^’i>ions s<‘en through the tol“sc^>|>e, aral the nnmlxjr 

n s(*<‘n N\hieh eorre.''pund with these. Then the 

magnifying ]»owrr « i>\nt . 

\'crify this by measuring tlu^ distaiiee from tlie object-glass 
to tlie pin, and dividing ii l>y the <li>tance from the eye-lens 
to the pin. 

Also determine the focal lengths of the two lenses and 
ct\l( ulate the ratio of the fo«-al length of the objt*ct-glass to 
tliat of the eyi*-lens. This gives the value of the magnifying 
tx)wer f(»r the t»-leseope in normal ailjustmeiit. 


§ 1. Tjik Optical Lantp.kn 

The optical lantern is used for projecting a magnified image 
of an object — usually a idiotographic transparency — on a screen. 
It comprises two lenses, or lens systems, the projection lens (or 
objective), and the condenser. The former is a corrected 
achromatic system which gives a real, magnified image of an 
object placed at a point somewhat beyond the first principal 
focus. The condenser usually consists of two plano-convex lenses 
mounted near together and forming a converging system. Its 
object is to concentrate the divergent light from the source, so 
that as much light as possible may pass through the middle of 

' U 
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the projection lens. This oauaes the image to be distorted ss 
little as possible and also gives the largest field. 

The linear magnlllcatlon produced by the projection lens 
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is the ratif) of the liiiear <h‘mcn<.ions of the imago to the 
corresjxjiitling linear dnueiiMons of tlic object. This ratio is 
considered positive for an erect, negative for an inverted, image. 
The genend formula for the linear magnification m is 



for the length of the image is to that of the object as the 
distance u of the image from the lens is to tiie distance w of the 
object from the len^. 

But for a lens of focal length /. 

r V V 

Hence 1 - = - or 1 - 7« ~ ^ 

>' f / 

Y 

Thus the focal length / ■; — 


'Exit. i:i7. Construction of an Optical Lantern.— To 

illustrate the action of thf* fiptical lantern M*lect two lenses of 
large ajK.Tture, one having a focal length of about 25 cm., 
the other about 15 cm. A source of light of small 
dimenHioiiH is required. This may lx* seenred by ]>]acing the 
flame of a candle or lamp liehind a hole of about 0»r» cm. 
diameter in a metal screen. As object a metal arrow, or a 
scale ^led on glass, may be employed. If an attempt is 
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Hiado to obtain a magnified image on a distant aeteen, tidng'' 
the lens of loi\ger focal length as the projection lens, it will be 
found that the image is veiy faint, and that only the central 
portions a]y|pear at all. Now place the lens of shorter focal 
length behind the object, and adjust the screen with the hole 
in it so as to form an iimige of the liole at tlic place occupied 
by the projection lens, if, so that tlie liolc and the projection 
lens are at conjugate fc»ci with regard to the condenser or 
short focus lens. Fur example, the ap|>aratus may Ijc adjuste^l 
HO that the distance lietwinui the hole and the projection lens 
lis a lainimuni (p. 277) ami e(jual to four times the focal length 
of the condenser. The conjugate ff>ci in this case are said to 
he the symmetric poinfs of the lens. 

If the object is just in front of tiie condenser, the image 
on the screen should now lie uniformly illuminated and all 
parts of tlie object (assumed smaller than the ajierture of the 
condenscM*) should Ik* represented on the screen. Examine 
the effect of moving the position of th«‘ scn*en ^^ith the hole 
in it, and notice that there is onl\ one i»osition which gives 
unifonn ilhiminatim. 

138. Measurement of the Magnification and Deter- 
mination of the Focal Length of the Projection Lens.— 

Mejisure the distance between twu well-defined jMiints on the 
object, and the corresponding di.stani*e brt>\een the image 
|K>ints. Calculate the linear magnification, \\liich in this ease 
is considiTcd iiegativi* as the image is inverted. 

Measure tlnMlistance from the lens to the .screen and deduce 
the value of the focal length/' from tht‘ formula 



lieitig careful to give the projKT .Mgiis to v and to m 



CHAPTER VII 

SPECTUA AND THE SPECTUOMKTKIl 

g 1. Fui:m\tiox i»f thk Si^kctutm 

When white lii^ht is tluouiih a prisiii, as in the cehv 

br«‘ited experiment of Sir Jsaae Newtun, the light is <lisper.se(l 
giving rise to a ouloure<l liainl known as tht‘ spectrum. To 
produce a [)ure spectrum, in which there is no overU[»ping of 
the images of ditVeient colours, it is necessary to use a very 
narrow slit, and also to pass parallel rays through the prism 
when the latter is iu the p(»siiioii »»!' minimum deviation. 

]".\iT. P^iO. Projection of a Spectrum on a Screen. — .V 

powfihil >onrcc li>;ht i.'^ rc(piiru«l, sudi as lime light or 

the electric arc, lait in a perfe<*tly dark rcKun a gas or oil lani]> 
may lie u.-'i’d. The light of flic source shon]«l lie focussed on a 
narrow vt-itiral slit in a iiietal phile hy a convex lens used as 
a condenser. 

A ^ej.ojid convex lens is placed on the other side fif the silt, 
and is adju.sted till an image of the slit is focussed sharply on 
a white .screen. The pri>m is tlien iilaced, w'ifli its refracting 
edge vertical, in the path of the light issuing from the h*n.s. 
On jilacing a sheet of white jiaper in the patli of the, emergent 
ray.s, a cfiloured }>and will Ik? seen, and the s»aeen will, iiv 
genera], require to ]>c moved from its tirst position, so that this 
band of colour may fall upon it. Itotate the jirism about a 
vertical axis, and note w'lictber the coloured image moves 
towards or away from tlie original undeviated image. Turn 
tlie Jirism until tlio jiosition of ininimurn deviation is readied, 
i,e. until the sjicctnim is formed as near as jiossilile to the un- 
cle via ted iiiuige. It will probably be necessary to focus the 
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iniago of the slit on the Bcrecn agfiJn, after the poaition of 
inininiuni deviation lias lM‘cn found. This may l>o done liy 
placing a siiiall piece ot plane inirror in the ]iath of the light 



issuing from tlio Ims, fnriiing flu* minor till a ^\llite image of 
llie slit ift formed <ni tlu* M*ie< u c lose to the spectium, and then 
moving the len.s till this image is f»a*usved sharply. In 
this ^\«ly a m<»<lerately pure s]H*etrnm is proj(‘cted utn^n the 
screen. 

Sinoc‘ the rays passing through the prism belong to a converging 
hc'am the .s[»eetrum piodiicc-d K not stiietly a pure siK,etrum. To 
satisfy the eonditicni tluit mcmochrc'inatic r.ns sluaihl he juirallel, 
'V\hen jiassing through tlm pi ism, the distance In-tween the lens and 
the slit must Ite e«pial to the local length of the lens. An eye 


A 



placed to rec*eivo the iH'am emerging from the j)rism would then 
see a virtual pure si>eetnim. In order to project the ]mre sji)ectrum 
on a serwn, a sc‘cond convex lens must bo placed in the path of 
the light, so that its distance from tlie screen is eijual to its fgcal 
length. This arrangement for ]»rojec'tiug a jiure siKvtrum is some- 
times useful, ns, for example, w hen it is desired to j^hotograph the 
spectrum by replacing the M*reon hy a ]»hotographic plate'. The 
same principle is employed in the construction of the sjiectronietcr. 
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§ 2. ThK SrKCTROMKTBK 

The spectroscope is an instnimcnt for producing dispersion 
of rays of light so as to form a spectrum, ami for olmer\iiig the 
spectrum so formed. 

The spectrometer i^ a smiiLir instrument provided with 
suitable arrangenientb foi the de\iation of the dih|>er8e<l 

rays. 



Fio. 1 S'*.— If r 


The essential paits of such an iiistnimcnt arc : 

(1) The collimator, which is an appiratus for securing a 

pencil of parallel rays. 

(2) The prism (or diffraction grating), for dispersing the 

rays, mounted on a r**volving table. 

(3) The telescope, for viewing the spectrum. 

The instrument is also provided with graduated circles (with 
verniers) for determining accurately the positions of the prism 
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And 'the telesoo]^. Figs. 159 and 160 show tlie moat^mpor^^ 
features of the instrument. 

The oollimator is a tube ivhich carries at one end a narrow 
acyustable slit S, and at the other an achromatic convex lens L. 
The slit is illuminated by the source of light the 8{)ectrum of which 
is to bo examined. For imiiiy puriioses a flame impregnated wdth a 
salt of sodium, and showing a characteristif* yellow coloration, is a 
convenient spurce, sin(M3 the light is approximately monochromatic. 
The distance between the slit and the lens can !>» adjusted so that 
the slit is at the fo(*us of the lens and the light emerges from the 
lens as a parallel beam. 

The prism ABC rests on a circular tabh* D, which is capable of 
^rotation about a vertical axK The table is proNi.kd UAiiiilly with 



a clamp so that it m.iy be fixed in any desired position, and some- 
times with a tangent screw to give it a slow' motion. 

Parallel light emerging from the prism falls on the lens M, and 
is thereby brought to a focus at F, the principal focus of the lens, 
so that a real image of the slit is formed in the focal plane. 
Another lens E (or more commonly a compound eye-i)iece) is used 
to give a magnified virtual image of this real imago. The tw’o 
lenses M and E, mounted in a tul>e, together constitute a telescope. 
The telesco^Hs can Ix) rotated about the Stiiiie vertical axis as the 
prism table, and, like the latter, is usually provided with a clamp 
and a tangent screw. • 

Expt. 140. Adjustments of a Spectrometer. -^The exact 
adjustment of a s|)ectroineter is a process which requires 
considerable care. It may b(' assumed that the mechanical 
adjustments have been made by tlie instrument-maker, and 
only the priucqNil optical adjustments will ho described. 
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The Telescope. — The eyc-pu'cc of the telescope is um‘< 1 to 
give a inagiiitietl image c»f an object placed at a certain small 
ilistaiu ‘0 from tlie lield-lens. It is made to slide in and out 
of the telescope tube. Turn the telescope towards a nniforndy 
illumiuatt <l surface, Mich as a light wall, and slide the eye- 
I*iece in and out of tlie tube until the sj»iderdine »)r cross- 
wires ti\od in tlie tube can Ik* stvu distinctly. The eye-piece 
is now saiil to be focussed on the cross-wires. Jn 
conscipience c»f tlie p«nvcr of accommodation of the.i*yo tliore is, 
however, a certain amount (»f latitmle in this adjustment. Tt 
is next necessiuy to focus the telescope for parallel mys, 
t.e. to make the dl.^tance of the object-glass from the cross- 
wires equal to the bunil length c»f the lt‘ns. 1'lie simplest way 
of making thi^ adjustment is to focus the tele>cu[»e on a very 
distant object. 

AVheu the adjustimnt lias bft‘n made, the observer looking 
through the telesc(jpe should able to s.r cl<*arly both the distant 
object and the cross-wiivs without altering tho aceommoilatiou of 
the eye. To test tlie accuracy of the mljustmeiit the mc‘tliod of no 
parallax should bo u<ed, that i^, tin* eye sliuiild be moved from siile 
to side Miind the cf/r-j>i€ce iUnl any relati\e motion f»f the 8]>ider-line 
and the distant object sliould be noted. The adjustment is correct 
when no sueli motion can be observed. 

The Collimator. — Set up a soilium flame (p. 205) so that 
the brightest p.irt of llio ilame is opposite the slit of the 
collimator, and turn tlie teh*.*.eo|>c* so lliat tho axes of tlie IuIkjs 
are in tlie same straight lim*. 

On lo(>kiiig llipaigh tlie telescope the }ellow light ]»assing 
through the slit shfuild be .seen, but the image of the slit will, 
as a rule, be badly deliiied. The voUunaUtr vimt ivtw he 
ftfCHAAvd by altering tlie di'^tan<'^; lietwei'ii the slit and tlie lens 
until tlic image of the slit i.s seen with clear and wifll-delined 
edge.s. 

AVlien the adjustment is correct there should be no parallax 
Ijetween the cross-wiies and the edges of tlie slit. Since the tele. 
scojKi already lias lj<.*en foc’ussed for parallel light, the collimalor 
must now bo giving parallel light from tjbe slit. 

TIxpt. 141. Measurement of the Angle of the Prism of the 
Spectrometer. — Open the slit fairly w ide so as to allow identy 
of light to iiass through the collimator. Place the jirisni on 
tlie triblc of tlie s]»(;ctrfinieter with the angle to be ineasiin'd 
turned towai'ds the lens of the coliimalor. Parallel light from 
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this lens will now fall on Loth the faces AB, AC of the i»mm, 
which contii>in the angle to be ineasure^l. Sonic of the light 
falling on each face will be reflected as shown by the con- 
tinuous lines, and it is easy to jirove that the angle between 
the two reHect<Ml beams is equal to twice the angle of the prism. 
By moving the cyo. in the horizontal ])lanc of the axis of the 
collimator, and looking at one face AB of the pri^m, the direc- 
tion of the refl«'<‘ted beam can be found. Turn the telescope 



Fi«.. liil.— of Anjle of 

to point in this din-ction; then on looking through it the image 
of the slit should be seen. (Ac slit has btt ti Irouyhf into 

the jiebl of view^ the v'iJth if the slit must he made veri/ small 
and the telescope turned till the inteisi'ctinn of the cross- wiivs 
coincides witli the image of the narrow slit. 

Head the position of the t< lt*scoj)e by tlie vernier or verniers 
ju’ovidcd. To do this it may bo necessar\ to reflect the light 
of a gas or electric lani[> upon the verniers by means of a 
feiiiall mirror. Without moving the prism or the table, turn 
the telesco[)e to vit'w the image formed by reflection from the 
j^econd face AC of the prism, and again rciul the position of 
the tehvsoope. Find tlie angle between the two positions of 
the tclescoiH), and deduce the angle of the prism, A. 

It often happens that four slit images can be seen as the 
telescope is moved round in a horizontal i>iane. Two of these are 
reflection images, the two of wliich the ix^sitions arc required; the 
other two are images formed hy refraction tlirougli the back sur- 
face of the prism, and care must be taken to use neither of these 
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by mktake, "Tbis can be avoided readily if tlio iniagi arc brsi, 
obtained by the unaided oye, and the tcleMcopo brought into }K>Hitjon 
. without moving the eye, it being easy to see from whicli surface ^ 
light is coming. 

The bogus images correspond with the refracted rays shown 
dotted in Fig. 161. This trouble can be avoideil entirely if the 
back surface BC is covered with paper, or if a prism with a ffuUte 
face is used. 

Soinetimea the reflected images can be seen plainly with the 
unaided eye, but cannot Ihj seen in tlie telescoj)e. This is due to 
tJje table Of the s|>ectr()ineter not being pro|>erly levelled, the 
light l>eing reflected either upwanls or di^wnwards so that it 
strikes tlie insi<ie of the teUseo|K‘ tuln*. It will IxJ observe<l in 
such a Ciise thit wlu-n the teieM*ope is swung into position after 
finding the images witli ilie e\e unaided, th(‘ eye-piece of the 
telescope is not level with the eye. The tahh^ must be levelled 
with the screws fitted tt* it until the eye wlieii viewing the 
refleeiecl images unaided is on tie* s«ime level as the eye-picce. 
Then finally adjust tlie le\el till the image <»f the slit (HTUpies 
the same position in tiie teh seojHi field when viewed by refiection 
in either face, and ul>o wIku \i*‘wed direetly with the telescope 
and collimator in line, and no pri^m on the table. 

Expt. 142. Measurement of thS Angle of Minimum 
Deviation. — Place the prism <»n the table of the s|»ectronieter 
so that the angle A already ineusured may .serve as the refract- 
ing angle. Then the light from the ecdlinwitor should 
incident on the faee Al> ami enierg** from the face AC to enter 
the telesco|w. The po-^itions of the diflerent • parts of the 
apparatus when light is refraeted through the prism are shown 
in plitn in Pig. IfiO, la tirffi/tfj up ja ia/a ht vareful to 
2 »hice it in such a ji^jsitioa (hot (he maximum amount of Vajhi 
amilahle from the collimator mot/ he ntilhrd and enter the 
telesi:tfpe, I’his is best aehieved if the refracting edge of the 
pri.sm is phu*ed ov«*r the rent re of the table?. 

In order t<j find the direction in which the telescope must 
|>oint, turn it to one side, and, using one eye only, look into the 
face .VC of the prism, moving the eye until an image of the 
slit formed by refraction through the j)ri8m is found. Have 
the slit wide open in looking for this image. When the proper 
direction has licen found, turn the telescope to |x>int in this 
direction without moving the head. On looking through the 
telescope the image of the slit should now be within the field 
of view. 

The light lias been deviated iii j[)assing through the prism j 
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the angle of deviation being the mde angle between the 
direction of tlie collimator and that of the telescope. This 
angle is a minimum when the light jiasses through the prism 
symmetrically. 

To find the ])osition of minimum deviation^ look through 
the telescope and rotate the table carrying the prism so tlmt 
the image of the slit moves towards the axis of the collimator 
produced. It may be nea^ssary to move the telescope so as 
to keep the image within the field of view. A position will 
1)0 found in which. the image of the slit is as uear^asitcan 
possibly be to the axis of the collimator. Thii» is the |K>sition 
of minimum deviation. 

The t<*l<‘.sco[)e is adjusted until the slit U approximately in 
the centre of the tield of view when the prism is in this posi- 
tion, and the teleMV»jje must then Iw claiiiperl. The slit is 
now made as narrow as ])os.sib)c, and the pri.sm is rotated 
slowly biiekwards and forwards through the minimum })osition 
several times. The tele.scojH) is ino\eil by the slo\v motion 
screw until, as tlie priMU is rotated, the slit inove.> up from one 
side until it is bisected by the \erticHl er(»‘vs-wire, and then 
moves awiiy again to the mme without ever iwi.sMng l»eyond 
this position. The position of tin* telcH'ojje must now' bo 
read by means of the verniers and the graduated circle. 

Kow' remove the prism from the table r»f the .spectrometer, 
ami turn the tele.NCope to point directly towards the collimator, 
so that the unde^Llted rays may enter the objcct-gla.s.s and 
form an image (»f the .slit on the cros.s-w’ire.s. ('lamp the 
telescope in this position ami make the linal adjustment with 
the slow’-inovement .screw’. Again read the |x>sitioii of the 
telesco|»e by means of the verniers and the grailuated cli’cle. 

The ditlereiice betw’een the reading in this po^itioll and 
that already obtained in the jK).sition of minimum deviation 
gives the angle of minimum deviation D. 

The refractive index of the material of the jirisin may now he 
calculated by mciiiis of tlie formula 



The refractive index of a liquid may W dclermined by tlje same 
method, using a hollow prism with iKiralM worked glass faces to 
contain the liquid. 
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MAPPING SPECTRA 

The position of a line in the spectrum may bo dotorminecl 
by finding tho position of the telescope when the line is on the 
cross-wires, or by finding tho reading of the line on a scale wbicli 
is reflected into the field of the telescope from the second face 
of the prism. In either case the prism is supposed to bo kci)t 
fixed. In some instruments, known as Constant Deviation 
Spectrometers, the telescope is kept fixed, and the prism is 
rotated so as to bring one line after another upon the cross- 
wires. The angle through which the prism is turned then serves 
to fix the jiositioii <>f a particular line. 

If a curve be jilottetl showing the rel:iti«ui between the wave- 
length of the liin s and their po'.iiion as delined above, the graph 
IS called a map nf the >pectnnn, or a calibration curve of the 
spectrometer. Su< h a nia|> may be used to liml the wave-length 
of any line of whi<ii the position can la* determined. 

Wave-lengths arc usually expreb>»*<l in Anghirihn Units (a.U.) 
or Tenth Metres (10"*'' metre or 10"^ cm.). Occasionally, 
however, they are exjircssod in terms of ii unit ten times larger, 
viz. the micromiHimetre (!///<•- It)"^ mm. ~ cm.). 

Exit. 1 Mapping Spectra. Adjust tlie spectrometer 
as ill K-\pt. 110, ami u.>ing a .mhUuhi llaiiie ii.s tlio source of 
light, arriiiige that tlic ]»ri.<iu may he in tlio ]>ositioii of 
iiiiiiimum d»jviatioii as in JCxpt. 1 (’Limj> the ]»iiMu in this 
position. 

Wlien a photrigrajdiic scale fixed in a separate collimator tul>o 
is u.scd to deteriiiiiie tlie [losition of tlie lines, this must he st*t 
up so that tlie seal'*, illinninated by a small lamp, gives rise to 
an image in the focal plane of tlie telcseope, ]>y rctiection from 
the face of tho pri.Niii. \V}irn tliis metliod is not eni[)loyed, the 
position of the tehiseopc must Ixj dcteriaiiied by reading the 
vernier attached to it. 

The po.sition of the sodium line slionld bo taken as a 
standard, and tho ]»ositioii of otlicr linos detorniined with 
reference to it. Tho sodium line, when examined by a spectro- 
scope of sufficient resolving |K)wer, is found to consist of two 
lilies close together, known as tlie I) lines. 

Determine the position of a number of lines in the flame 
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8pc< ira of rncttillio salts, the 8i»ectra Ix'ing prorluced by 
volatilising salts of the metals in a Uunsen tlaiiie. Introduce 
the salts into the flame on a platinum wire fused into a glass 
tula) as a laindle, cleaning the wire between each experiment 
by immersing it, while incandescent, in hydrochloric acid. 
Suitable salts for this imrixisc are lithium chloride, thallium 
chloride, iK)tassium chloride. (See Appendix, p. 599.) In the 
case of the potassium siilt two lines can 1 x 2 found, one in the 
red, the other in tlio extreme violet Tlie latter can only be 
found by turning tlni telescope far enougli into the violet, and 
ohserving inu/uttlaicff/ after the stilt is intr(Hliieed into the 
flame. IVo experimenters are re 4 uired, oie* to introduce the 
salt into the flame, the oth(*r to observe the line in the telescoj»e. 
Nitre may l>c used for this Iim\ Strontium chloride gives a 
strong line in the blue at 4G07 aa\ Jjarium and Ccilcium 
chloride give a nmnber of lines wliieli can l>e identified after 
the galibnuion eur\c has ]>eeii diiUMi. 

Spark s]»ectra may 1»o ohservtd by ]»a>-ing tlie di>elmrge of an 
iiRlu<;tion coil (mo M\pt. in Klectririty; betwee n terminals of the 
met.d to lx‘ examined. The inner and outer coats of an insulated 
Leuleii jar slnnild Ik‘ eonne<*ted to the tenninals of tli(‘ ^park-gap. 

The sp»*dra of gases may Ik* ob>erved l>y passing the diseliarge of 
.in induction coil through ‘vaeuum tubes' euntaiiiing the rarefied 

Absorption speetra may be olKervcd by illuminating the slit 
with white light, and inirodueing the ub.Mni»ing sub>tance in the 
jKitli of till* ra\s travelling towanls tlie slit. Observe in this way 
the eharaeteristic spe<’trum due to a dilulo solution of blcxxl, and 
the s]*ectrui.i due to an aleoliolie soiutioii of ehloroj»hyll. The 
vapour of iodino, obtained by lieatinga few* crystals in a glass tube 
in front of the slit, gives rise to line dark absorption lines. 

lly n'lleeting snnliglit into the eollimiitor. the dark Fraunhofer 
lines, dno to al>sorptif»n in the atna>si>la‘res of the 8un and the 
earth, may be ol>served. 

I*lot a curve oii S(|nan*d jKqier, on a large scale, showing the 
relation b(*twoen the .scah‘-reading and the wave-lcngtJi corrospomi- 
ing with ci*rtain suitable lines. This curve is an Interpolation 
Curve for the jKirticular prism usi'd. From this curve may l>e 
dcterminc<l the wave-lengths of bright lines or the limits of absorp' 
tion bauds. 



CHAPTER VIII 


PHOTOMETRY 
§ 1. Genekal Principles 

The branch of Physics which deals with the estiniat|pn of the 
Ught^ving power or iuminons intensity of a source of liglit is 
called Photometry. T'lic candle-power is taken as the uni( of 
illuminating power; and the iuminons iuten-sity of any source 
is e.xpressed in terms of the number of standard candles which 
would give out the same (piantity of light. 

The standard caudle is dcKncil as a s|H!rm candle ^ inch in 
diameter, weighing six to tlie {KUind, and burning at the rate 
of 120 grains an hour. It is an unsatisfactory standard, and 
usually sonic other standardised souice, such as a Pentane lamp, 
is used. The must convenient standard is perhaps an in- 
candescent electric lamp, working at a certain constant voltage. 
The unit of luminous intensity based on such standards is called 
the International Candle. 

The illumination, as the intensity of Illumination of a 
surface is usually called, is measured in terms of a unit called 
the lux. The illumination on a .surface is 1 lux when the 
. surface is illuminated normally by a point source of unit 
intensity at a distance of 1 metre. 

In Great Britain the canc[le*foot is commonly used as the 
unit of intensity of illumination. It is the illumination on a 
surface illuminated normally by one standard candle at the 
distance of one foot. * 
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* The te rm luminous flux is used in photometry to denote the 
emission of light per unit time. The unit of light flux is the 
flux emitted per unit solid angle from a source of unit intensity ; 
this is called 1 lumen. 

The eye is unable to make direct estimate of luminous 
intensity^, with any approach to accuracy, on account of the > 
variation of the diameter of the iris, and also for other reasons^ 
mainly physiological and psychological. To compare luminous 
intensities, therefore, some form of apparatus is used to assist 
the eye. Any such apparatus is called a Photometer. 

The use of a photometer depends on the adjustment of two 
surfaces to have ecjual intensity of illumination, this equality 
being judged by tlie eye of the observer. With lights of the 
same cd(mr the adjustment can be made with practice to about 
0*5 per cent; but if the .surfaces are illuminated }>y lights of 
different colours the accuracy is not nearly so great In this 
case it will be found much easier to make the comparison 
between the two surfaces if the e 3 'es are half-closed. It is 
impossible to retiin any accurate idea of the intensity of 
illumination of a surface even for so short a time as a second, 
and therefore the two surfaces to be compared must be viewed 
simultaneously or interchanged rapitlly as in the Flicker Photo- 
meter. If the .surfaces are S(*parate(l by a band whose intensity 
of illumination is different from that of the surfaces to be 
compared, the estimation is rendered nmch less accurate, and 
therefore the surfaces must really be confirjuous parts of the saiiie 
surface illuminated .simultaneously. 

The illumination of a surface due to a small source of light 
varies inveraely as the square of the disfaiiee of the surface from the 
source. If, therefore, a source of luminosity of candle-power, I, 
is placed d cm. from a surface, the intensity of illumination is 
measured by l/dK 

If two sources^ of candle-powers, Ij and L resin^ctivel}", 
illuminate two parts of a surface equally, when at distances 
i/ji^nd cm,, the illuminating powers are i-elated by the 
equation 
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§ 2. PiioTOMKTKrn Mkasitkkmknis 

RUHFORD’S PHOTOMETER OR THE SHADOW PHOTOMETER 

In this aj»j»cuutus tiu* .surf;u*o illuuiinjitiMl may Ihj cither a 
wliito 0{>a<]Ue sheet ot {».iper Mfuv<i troiu the Siiiiic side as tlie 
two sources of li;^ht, or it :u.iy Iv a tran.'^linvnl sereen viewed from 
tlie side remote fiom the >nmve>. lu eilhi r ea>e, one j».irt the 
surlace is screened fr«»m <»ne the .-oiuees l»y a rod [>Iaeed hetween 
the sert-S'ii and the >nuree, the rotl Udn;:: so >itual<‘d tlait shadows 

0'^ I 
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of the rod, one thrown hy eaeli source, lie side by side on the 
screen. The shadows must neither overlai) nor sliould they hrt 
separated by a brij;ht band ilhuiiinalcd by sources. In 

Fi;/. 102 the sliadows are separaferl to simplify tlie diagram. 

The shadow throwm by each source is of course illuminated by 
light from the other, and wlie^ the sluuhiws are equally intense, 
the intensities of illumination due to the two sources are equal. 
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V]\vT. Hi. Bumford's Photometer. — Set up in a dark rwm 
a vertnul nnl in front of the acreen of the photometer. 
Coini)iiX) the luininoHity of a gas (or electric) light with 
that of a wax candle by a<lju.sting the distances of the sources 
from the screen, until the shariows are of the same intensity. 
Cart* must Ijo taken tluit the lint;s joining the sources to the 
n)d arc equally inclined to the screen, i.e. the angles 0 and <ft 
in Fig. 162 must \ye approximately ctjual. Measure the 
tlistances, i,, froih the sources Uj screen, and calculate 
the candle-power of the source under test. Repeat the de- 
termination several times with the sources at different distances 
from the screen, and take the mean of the results obtained. 


BUNSEirS PHOTOMETER OR THE GREASE-SPOT 
PHOTOMETER 

In this form of photometer, an oi>aque white sci-een (of palmer) 
is rendered transluix^ut over a portion of its surface by means of a 
spot of clean white [uiratfin wax,^ It is illiiiuinated from one side 



Tn;. 103,~nun.'»en’s l*hotonn*t<‘r. 


l»y the standard source, and from tlie other by the source of which 
the luminosity is to l>e measured. 

The opaque portions of the screen are assumed to reflect the 
whole of the incident light, while the translucent portions reflect 
a definite fraction, say 1/;*, of the light falling on them, transmit- 
ting the renuiimler. If the intensity of illumination from one sido^ 

^ **A piece of good lioinogoncou.s pa}H*r is iinifonnly warmed on a plate. In 
the centre of this a small circlet or aiiitulus is described with a little inelttHl 
stearin on a fine brush. This ring is allowed to ctx>1 ; there is a free nnwaxed 
Rpo||^within the boundary thus made, which must now he filled with melted wax, 
vrolr pressed into the pa|)er. Tho prevl«isly formed boundary secures a well- 
defined spot.”-- Shep|iani, PhoU^-ckeniutry, p. 31. 
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is Ij/f/j-und from the other side is I., A/.,-, the ^jcivase^sjn t \vill appeur 
to 1)0 of the same bri^ditness as tlie rest of llie seretMi, \\hen 

J< -1 

/.e, when 

According to thw simplitietl description the grcasc-sjKit shoulil ilis* 
ap()oar when viewed from either sidt*. There is, however, a certain 
fraction of the liglit (iWrV«/ in passing through the translucent 
grease-spot, and although it may lie possible to make the s|Mit 
almast invisible ^hen viewed fnun one side, the apjjearaiiee (»n tia- 
i>ther side is always tpiito dilferenr. In practice, the adjustment 
should be maile until the grea>e-spot appears Mr tinint nmouuf 
•hirker than the rest of the >ereeu on fn,th >idt s. 

Twojiluue miiroi '. an* U'-ually atlaeiied to th» >er<‘eu so as to make 
an angle alw'iu dO with it on eitlan- side. l>y means ot the.M* 
mirrors both >ujJae»s uf tin* ."rn iu may ls‘ \i»*\\ed at the.sina* time. 

An a]ternati%e methoil U t«* adjust the ‘unknown’ sonret* until 
tlie gr»‘.is^'-''[rt*t i-' invisible when viewed fn»m thr and 

to oh>»‘r\‘‘ lie* \.du»* "f '/j w}ii< h giv<‘> thi'- result : then fn r( :ulju>‘l 
the po>iii-in until the gieas*--v|»i»t is jn\isil»le \\li(‘n \ieweil fiom the 
vnkiff/ff’n si<le, keeping the standard .Miinee and tin* screen li.vecl, /.r. 
//, Iwing k«’pt constant. 

If tliesc distances are '/j and tlieir mean ma> be taken a.s 
the trill* \alue of or the expre.ssion 


may be u.seil to calculate 1^. 

Thi.s .second method i.s easier to use, 
there being no trouble .such a.s i.s involved 
in the first method in estimating when tlie 
grca.se-spf»t is the .same amount darker 
than the re.st on botli .side.s, 

K.xrr. 145. Bunsen's Photometer. 

— I "so the photometer for comparing 
the illuminating power of an electric 
lamp with that of a candle, and that 
of a ga.s flame with that of a candle, (ylieck the results of 
the ob.servations l^y comparing the gas flame and tlie electric 
light directly 
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met^.r H<;ad. 
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1 1 possible ase a staml on which three candles can he 
]iK)Uiited dose to^'clher and inak<; tlie comparisons witli one, 
two, and three cjindles, estimating the percentage error jics- 
si])hi in the measurement. 


JOLY’S PHOTOMETER 


Two rectangular blocks of |)araffin, al>out 5x2x1 cm., are 
placed together, with 
tw'o of the larger faces 
8e[)arated by a sheet of 
tinfoil. The bl(»cks 
are placed Indween 
the two sources of 
light to be compared, 
so that one bhjck is 
illiiininated by one 
Sfjiirce and the second 
block by the other 
source. The observer 
views the blocks from 
the side (Fig. IGo), 
and adjusts the posi- 
tion until the tAN<j 
faces separated by tlu; 
tinfoil as dividing line 
apjiear ctjually bright. 

The eyes of the ob- 
server should be i»ro- 

tected by suitable screens from the direct rays of the lights used. 



I k.. l*r.— raifcr.ii Wax rhutomot^r. 


K.\'!’T. 146. Joly's Photometer.— Set uj* the jtliutometer on 
a long optical bench and use it to compare the candle-power 
of an incandt‘scent gas lamp \\*th that of an electric lamp. 
When the correct positions ha\e been found, measure the 
distances from the jihotoiueter to the two sources and calculate 
th(5 ratio of the illuminating powers. ltej>eat the observation 
several times for ditl'erent ptKsitioiis of the .sources, and take 
the moan of the re.sults. Make an estimate of the percentage 
error possible in the measurement. 


LUMMER-BRODHUN PHOTOMETER 

The essential part of this in.strument is the s«ime as that in 
Swan’s pri.sm photometer (1859). The two sources send Iwains of 
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light to two niiiTors at 221^ to the paths of tlie beams, and at 45* 
to each other. After a second reflectiou the beams strike a block 
of glass consisting of two righUrnglcd prisms cemented togetlier at 
the middle ^larts of their faces with Canada balsam, but separatist 
by an air film at their eilges (Fig. 166). 

The obstervor views the Uise of one of the prisms throngli a 
telescope at V. Tho liglit from the souri'e A is transmitted by the 
balsam, but is totally rcilecttd bv tho air lilm. The light from !> 



is totally refiortiMl h\ tlif .lir film '^o th.it it enters the telescoi>o 
{larallel to the tiaiiMuitted light Ihiiu A. I’hus the leleae<»jK‘ reeeivea 
a coiii}>ositc iK'ain of light, the edges Ix^ing comiiosed of light from 
J], and the centre of light fiom A, 'J'hc ajiparatus is usually 
arranged to give a soiiie\\ii<it el.ilKnate Mii Id pattern/ 

Hy Using a Iralssini of the .s«imc it^fiuetive index as that of tho 
two prisms, there is no reilection at the* inter-facc* and no absorption 
of the transmitted light, so that the trouble wdiich arose in Bunsi'n’s 
photometer is entirely obviated. Very gre^t accuracy can bo secured 
by this form of apjiaratus, and it is very largely used in photometric 
laboratories. 

Exit. 147. Luxnmer-Brodhun Photometer. — Bet up tho 
Lummcr-Brodliuii photometer on tho optical Ixmcb, and use 
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it to find the candle-power of a gas fiame and of an electric 
lamp. Confirm the results by comparing directly the* gas fiame 
and the electric lamp. Estimate the [)ercentage error jiossible 
in the measurement 

§ 3. Mkasurement of Illuminaiion 

The illumination of a surface can be measured by means of 
an illumination photometer. This is a portable instrument pro- 
vided with a screen which may be placed in the position where the 
illumination is to bo measured. A neighbouring^ Mirface, viewed 
at the s;ime time, is illuminated only by a standardised source, 
usually a small electric lamp supplied by an accumulator. The 
illumination of this .surface can be varied until ecjuality of 
illumination is .secured by various metlnwls, l^y tilting the 
surface. The scale of such an iiibtniineiit must be calibrated 
empirically. 
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AnDITlOXAI. FAKIiClSKS IN' LKUIT 

1. Wh»'ti a ji'ii iiNiii j'ltu.tit iwo {iikiiaI jnirnus ;i nuiiilu^r of im.igrs 

c.iii ho Tnu'o ilio i-iih Ilf 111 - r t } s h\ \\hi« h iKi* tliinl iio.igc in uiit* 

mirror is socn. 

2, Stit up two piano iuiir«»rs '•o tiiat i’di anglo ht*t\\»oii tluin is 7*-'’. 
Fiiul tlio 2H)»ition‘» t f tni* iiuagf> t*l juu [‘’uummI in llu* iuigh* hi'*A^i**‘n tin* 
Iuirrur^. 

;i, I'lot a cnrv o s.1jo\n in.; i.itM.il •li>[‘1.4r»*nn‘nt of a ray »>f liglit 

p<is.''ing obliijiio.y i pliti- ui gM'"' u['«»n tin* anglii of 

iucMf'iioe. 

*h A cubic il ghi-'-' tank hb. d witlj .iinl a vortioal pin i- p].i#*i‘ij 

infill.' it. ri.*t iciU'.iK- lUivo fur the rofia..lc<l into iho uir through 

one 'li'i*.' of thr tank. 

r». I'lot the r Ill'll* I nrvo riiniu‘«I !»y i.ivv r«l!“ot'»I fruin a cylinilrioal 
mirnu*. UMiig a pin ‘i< ih- nh;,* < t ^uii two oilnr piin i«» ihtciinin*- the 
rclU'ftofl raV'. I)o till' iiotli for n.nvtx .in>i roniMVc niiiiois, 

6. I*!ot ih** o,t»t>ti'* oiirvo loiiio'I h\ i.i\'» ri*fiMri««l into air from a 

rylimlriifal hi*.ik**r oontumug \\at» r, u-'ing a pin the l»eak«r as the 

object ainl l>\o othei piiiv to tl**l«*niiiii** tin* rvfractf»l r.ij.s. 

7. Plot the CiiUflic '*111 Vi- forint'*! u!i«*n paraJI**) mV' ar** lefractitl thmiigli 
a cylimlrical i**n.i. (Ono-iialf of a hintciu con.i.*n't*r may l»c u.^etl instead 
of a cylimiiitj-il leii'-.) 

8. 'a ]»iii is fixeti in a v*.*rtical ]iO'itioii in>ide a cyliinlrical beaker of 
water. Trace ttir- ji.illis of i'a\s tiom tin* pin into tlie nir Deduct* tlie 
po.'^ilion of tlie image seen by an e^e \i*jwiiig the [«in from the side of the 
vessel nearest to the pin. 

9. Trace tlie paths ol iiarallel rays t»f liglit through a convex len.s, and 
d<*duce the focal length. 

10. Trace the paths of parallel ray.s of light through a concave len.s, and 
deduce the focal length. 

11. Fiml the focal length of the given convex lt:n.H in tliree different ways. 

12. Place the given convex lens so as to form on a .screen an image throe 
times the size of the object. Measure tlie di.staiiee from tlie uhjeet to the 
screen, and deduce the focal length of the lens. 

13. Plot a curve showing how tlic di^ianco of the imagA from the given 
convex lens dei>ends upon the di-stauee of the object, using pin-sights and 
the method of parallax. 

14. Find the shortest di.starice between an object and its image formed 
by the given convex leu.s. Deduce the focal length of the lens. 

310 
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ir». Tl»<* Ljivrn Ifiis is fix<*<l at a disiaiico of 40 am. fioiii a screon. Find 
at wliJit (li laijce fnnn lli*i Imi.-* an t must bo placed to give a sliarply 
driiiicil iiii.Lgu on the bcrcon. Deteriiiine tlie linear magniliratioii of the 
image. 

Hi. Find tlic3 focal length of the h ns formed by iilling a wateli-glaas with 
the given Ihjuid. . ’ 

17. Set u]) the two given convex buses so that narallel rays ]>a.ssing 
through the first meet again at the priiieijial frx:us of tlie second. 

18. Measure the focal length of the combination formed by two given 
lenses, (») in contact, (h) scfuiratcd by a distance of 2 cm. 

19. Determine the radii of curvature of the surfaces of the given concave 
lens. 

20. Determine the radii of curvature of the surraces of the given convex 
lens. 

21. Set up a convex lens to form a nal image on a screen. Between 
the lens ami the screen iiitnsluco a concave lens wiili a plane mirror btdiiiid 
it. Adjust the position of this lens so that an image is formed coincident 
with the object. Dwlucr the focal h ngtli of the concave lens. 

22. Find the centre of curvature of a concave mirror. Set up a concave 
lens between the mirror and its centre of curvature. Adjust the jmsition of 
a pin so that it may coincide with its refleetioii formed by rays jMssing 
through the lens. Deduce tlie focal length of the Jens. In wliat case does 
this metlusl fail ? Is tlie metlexl applifable for a convex lens ? 

2.'h Arrange a slit, priMii, and leiis^ x to jiroject a pure >\» ctrum on a screen. 

21. Adjust a |u ism on tlie table of a >pt'etr'.m' t«T to be in the poMiion of 
miuimiim deviation. Meji'-un* the angle at wliii h light is im-ident mi the 
prism by lindiiig the direction of the rays relbrt< d fiom the first fate, 

2r>. l‘Iut a curve showing how tiie angle of deviation for the given 2>rism 
varies with the, angle of ineideiu-e. 

2d. Measure the angle of the ]»risrn of a spectrometer, hcpui^j the tehsct^e 
and turning the priMu so that the im igc of the slit is obstrved by 
rellectioii lirst from one face, and secondly fne:i tlie oilier fact'. tThe angle 
M) measured is tlic supphuiu'iit f»f the angle uf the ]*ri'm.' 

27. (’ompare the refr.ietive indice.s of two liquids, using a siKvtromctcr 
and a hollow prism of .small angh*. * 

2'^. Map the tlamo spectra of caleium. .stiontium, ami baiium. 
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§ 1. Introductuky 

To define a scale of temperature we may use any property of 
a body which varies continuously with temperature. If this 
property have values at the Freezing Point, and at the 
Boiling Point of water under standard pressure, we define one 
centigrade degree as that change in temperature which causes 
a change X^)/100 in this property. 

If the value of the property be Xf when the body is in certain 
surroundings, the temperature of its surroundings is given by 

/" c. = N ido 

on the particular scale which depends on this property X. 

For most practical pur])oses we take as our scale the scale 
depending on the position of the top of a thread of mercury in 
a glass tube. Its position is observed at the Fiveziiig Point and 
again at the Boiling Point ; and the thermometer stem \>etweeu 
these points is divi<lcd into 100 ocpial divisions, eacli being one 
centigrade degree. Two mercury-in -glass thermometers will 
agree only if similar kinds of glass are used and the bore of 
each is quite regular. 

Mcrcury-in-glass thermomctei*s are used chiefly on account of 
their convenience. The sUindard thermometer ,.for scientific 
purposes is a constant volume Ihermonietcr (p. 337) filled with 
hydrogen gas. 



A TEXT-BOOK OF PRACTICAL PHYSICS 


I'T IV 


m 

The efBciency ol a laboratory depends on the caro t^ikcii of 
apparatus when in use^ and the student should use all reasonable 
precautions in the handling of fragile apparatus such as tliermch 
meters. A thermometer should never be raised to a higher 
temperature than that for which it is constructed, and the 
thermometer should be returned to its case when finished with. 

In reading a thermometer any error due to parallax must be 
avoided ; that is, the line joining the eye to the top of the mercury 
thread must be at right angles to the stem of the instrument, so 
that the divisions of the scale may not be displaced relatively to 
the top of the thread. The stmlent should practise estimating, 
the reading of the theniiomitcr to the tenth part of a centi- 
grade degree. 

It must not be forgeUton that a thennoinotcr registers its own 
temperature; and therefore in using it to determine the tempera- 
ture of any substance it inu.st be brought into intimate contact 
with that substance and mu<l be left there a sulliciont hmgth of 
time to acquire its temperature. 

Kxit. ll*^. Effect of Stem Exposure.— Place a tlicrmo- 
nieter ill a liypsomcter (\k *116) so tliat tlie wliolc sti-m is 
enclosed in th»* sti'aiii up to the lOO' U. mark. NoU? the 
reading of the thermometer tlie water is ]K>iIing gently, 
lliiise the tliermoineter until the stem is exposed from the 70' 
mark upwards, leave it for a few minutes and take tlie reading 
again, the waUir In-ing kept boiling gently the whole time. 
Kepeat the obs«Tvations with the 8U*m exjjoscd from 40“ C. 
ujnvards, and again from 10 (J. upwards, and note the effect 
the (,‘Xposure of the sb*m produc<‘s on the retuiiiif/j although 
the tein|H*rature of the bulb is inainbiined tlie sjime throughout. 

Bear this in mind in all tluTiuometric measurements. 


§ 2. Fixki) Points of a Tiikumometer 

Two fixed points are necessary in order to define a scale of 
temperature. 

The lower fixed point is defined as the temporaturo of 
fusion iOf ice from pure distilled water ; that is, it is the 
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tempeniture at which ice and water can^exist together in 
equilibrium. This is called the Freezing Point or 2^ro Point 
and is marked 0^ on the centigrade scale. The effect of 
pressure on the melting point of a substance is so small that it 
can be disregarded in defining the freezing point for all practical 
purposea 

The upper fixed point is defined as the temperature of steam 
rising from pure distilled virater l)oiling under normal atmo- 
spheric pressure. This pressure corresponds to a birometric 
height of 760 mm. of mercury. The upper fixed point is called 
the Boiling Point and is marked 100*. Thus, on the centigrade 
scale, the interval between the freezing point and the boiling 
point is divided into one hundred degrees. 

The temperature of steam fiom boiling water is independent 
of the nature of the vessel in which the water is boiled, and of 
the impurities in the waten*, hut varies with the atmospheric 
pressure. The variation of the boiling point with the pressure 
was carefully studied by Heguault, who found that in the 
neighbourhood of 760 mm. an incrciise of pressure of 26*8 mm. 
produced an elevation in the boiling jx>int of 1® C. For small 
variations the change in Iniiling })oint may be taken proportional 
to the difTercnce in pressure. The graph (Fig. 168) is drawn 
on this assumption. This should be copied in the student’s 
note-book. 

It is found that the glass of the thermometer changes 
gradually with time producing small changes in the fixed jx^ints. 
It is therefore nece.ssary to redetermine thes*e from time to time, 
so that corrections may he applied for the errors. In this 
country it is usual to mark the lower fixed point first. 

Exrr. 110. Determination of the Fixed Points of a 
Thermometer. — (i.) Freezingr Point. — Fill a suitable vessel 
nearly to the toj) with ict* in small luinj»s, and allow the 
spaces between the lump.s to Ixcoine filled \\ith ice-cold water. 
It is better not to drain away the water from the melting ice, 
but too much water must not Ik 7 allowed to accumulate. 
The whole must Ih 3 kept well stirred. 

Place the thernionudcr carefully in the ice so that tjio bulb 
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is in tlif mitro of tin* \vs.si*l, ami tlu* zt-ro point is just :il»o\v 
tlu.‘ siufiuv t»f tlio itv, Kiad the lowest point n jelu tl l>y tli«* 
top of tlio inereiiry eoluinn (estimating to on- -tenth of u 
degree) while the men'ury eohimii is still surrounded by the 
iee. If the reading lie above zero, the error is eiilli d jaxsitive ; 

If Ih?1ow, negative. If the e/ror Ih.‘ jMisitive, the o>rreetittn to 
be applied to the reaiUng, to give tho true teunH^rature, i.s 
negative. 

(ii.) Boilinff Point. — To determine the iKiiling point the 
thermometer is placed in a metal vesst‘1 called a hypsoxneter. 

This is a Indler fitted with a 
douhit-walled steam jaeket alM>ve 
it. Tiie thernioineter is supjMirted 
by a cork titUd into the toj) «»f ^ 
|}u‘ hy[»soineter in sucli .a way 
that tli»‘ upper lixe<l point is just 
visible above the cork. Care 
must 1 h^ taken that ihi* ther- 
mounter does not fall into the 
h> p^oiU'-ter, as this would jM'(»b* 
al>ly result in breakage of tin* 
bulb. A loo[) nf wire tlinaigli 

tlie hel«' at til** tirp of tile .sfelll 
wdl prevrilt .-.iieii an a**eident. 
'rile thei iMoiiieier slnadil remain 
in the st'Miii ahout ten minutes 
Is'fore tile leading is taken. Tl.e 
water must n«*t be madtj to boil 
l<*(» violi ntly or tin* pressure of 
the steam in the hypsometer will 
e\ct-‘ed the atmospli»:ric pressure. 
ilyj,^onj**nj. Head tin* top of the imTeiiry 
column to a tenth of a *h*gree. 
Correction for Pressure. — ltea<l the heiglit of the 
barometer in millimetres and determine from the graph 
(Fig. the lioiling point corresi>onding to the observed 
atmospheric pnsssure. 

Enter in the note book this, the tnn* boiling jioint, and also 
the boiling point reeorded by the thermoinohT under test. 
Calcuhite the error of tlie tliermometer at the l)oiling point. 

In order to determine the correction required at any tempera- 
ture lietween the freezing point and the boiling point, use a 
graphic method. Take intervals along a horizontal axis to 
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n jM-cstMit intcTVjil.s on the thennometcr scale, and distances 



Fii.. It’.'-. - n of Pojut wtlh rro-'iir*'. 



along a perpend inilar axis tt> represent tlie correclion retiuired. 
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In the diagram (Fig. 169) the correction at the fn ozing [M)iiit is 
supposeil to bo + 0-2'’ C. and the correction at the boiling jwint 
+ 0-8®C. 

The correction is the amount that has to bo mlJal to tho 
reading to giro tho true temperature. 

§ 3. Calibration and Graduation, or a Tiiki<mo.mktku 

To obtain equal valuer for tho tempemttire differences indicated 
by equal moveiiienta of the luereury alon^ the tulie, it is essential 
the bore should Ik; uniforin : this is rarely or never found to 
be the case. 

To correct for this the bore must W callbmtod by moving a 
thread of mercury along it, and measuring the length of the thread 
in different | arts of the tuU*. 

Kxn\ l oO. Calibration of the Bore of a Thermometer. -- 

A small Hume is allowed to jilay on the tube at a point 
ajjproxiinately In degret's away from tin* end of the mercury 
column. This detariies a tlireail of UMaiMiry by iMiiling the 
mercury ju>l at liie point wln'o* it lieatGil. and this tliread 
CiU Ix' ummI to ealil»ratr the luU*. It .should be very nearly 
10 ilegrees in huigth when detached. The thermometer 
stein is allowed to eiMii, and the thread is move<l by gentle 
shaking till one end i> approxiinat<*ly at the 0 C. mark, the 
bulb Ixing e«sde<l with etlier to prevent the thread fri*m joining 
up to tile rest of tin* mercury. Tin* position of each end of 
the thread is then observed witli a travelling microscope,' the 
jNisitioii Ixing estimated on the scale of flegrees of tho 
thermometer. This is done by measuring the length of one 
degree in cm. on the scale of the microscojic and measuring 
the fraction of a degree from tho end of tlie tlm*ad to the 
preceding mark also in cm. The position is expressed to 
of a degree ; e,fj. 

ft' 

Microscoixj Scale reading on 9th degree division « 12*36 cm, 
„ „ „ 10th „ „ ^ 14*08 cm. 

„ ,, „ end of thread — 14*00 cm, 

^ The same kind of e.stiiiiatioti can \hs tiiado if a tnicroiiieier eyc-piece is used, 
without using the travelling scale ; there is no nee<l to standardise the niicroiiieter 
scale in this case, as only relative values arc required. 
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The riid of the thread i« therefore at 

*.e. 9-05(3). 

The thread is then inovtjd along until its ‘ lower ' end is ap- 
2 )roxiiiiately where the *u|»|>er*enrl was in the first ^iea.sureinent, 
and the positions of the two ends are again noted. It is then 
adjusted to a third position between 20" and 30" and measured 
again^ this being repeated until the up^jer end is at the B.P. 

The correction is worked out as in the following nunierical example : — 


Ist iiositioii of thread from 

- 0-03* to 9*79'', thread length 

9-82 

‘.ind 

>} 

Tt 

1* 

9*85" to 19*93" 

tt 

10*08 

and 

tt 

19.88’ to 29*94’ 

II 

10*06 

4th 

ft 

tt 

29*98’ to 40*12* 

If 

10*14 

iith 

tt 

tt 

40 00" to 49.78^ 

tt 

9*78 

fith 

II 

If 

49*82" lo 60.00" 

tt 

10-12 

7 th 

II 

tt 

59*95* to 69-90* 

tt 

9*95 

eth 

tl 

,1 

It 

70*00" to so.oo* 

II 

10.00 

9th 

>1 

80*03’ to 90.17" 

1 , 

10.14 

lOih 

tt 

II 

OU-OO" to 99.92' 


9-86 


Mean length of threo^l = 


i.e, this nias.s of niercMiry wouM en'enpy degrees anywhere up the scale, 
if tin* bore and scale NNcrc accurdtely unifurm, or would occupy l>*99r» mean 
degrees. 

Imagino the thread startingat 0* C. ; its upper end would beat 0*S2* very 
nearly. It shnnld U at 9'99;i C. if the hore were uniform. 

The correction to be added to tlie reading is thus -f OBITS'* C. Call 
tliis djy. If an identically .similar tlircjid cmtc lie n joined on to it, the two 
together wouM roacli to i>*S2 r lU-US. They ouglit to reach to 2{9*99.'»), t.c. 
the correction i.s ltt-90 - 19*00 or ^-0 09 C Call this 3.^^ ; it is the correction 
re»]uired in the vicinity of 20 C. 

Similarly at about JiO" t lie correction U 3(9*99o) - (9»S2-fl0*0S-f* ]0«06)=: 
+ 0*025" C. ; and so on. Thus we gi t 

^10= +0*17ri 

5.1,1 - + 0*09 

5.;,- I- 0.025 

5 .. ,= 0.2 

5.. .,- ,0-095 

5^ ^ - 0-03 

5-0 ~ +0.015 

3m.- +0.01 

5^, " - 0-135 
0-00 

The last value mu.st lie zero of course. 

From tliese observations a correction curve can be drawn, giving the 
amount that has to be added at each point in the scale to correct for 
uneveunoss of bore and scale. 


V 
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GRADUATION OF A THERMOMETER WITH AN 
ARBITRARY SCALE 

In some cases the scale engraveOl <m the stem of a thermometer 
may bo entirely arbitrary, st> that the readings are imt obtaineil 
directly in degrees centignule. For exam[»Ie, the stem might lio 
marked with a scale of millimetres, yet such a thermometer can Ihj 
useil to tiud the temiHMUtuiv on the centigra<lc scale. For this 
|>urix>se the thermometer must lirst In* staiulardisiHl I>y timling the 
two fixed j)oiuts by tlie metlKMls de>erilH‘d in tlie previmis section. 
Thus it might bo found tlial at tlie freezing point the ineivury 
stands at a point iM mm. from the boinun of the >cale, wliile at 
the }>oiIing jHiint the men iiry .NtamU at a point l.''l mni. from the 
)M)ttom of the If tho n-.nling of the l»arometer at the time 

of the detenninatmii wen- mm. the boiling ]*oiiit wonld !«> i 
instead of Ion (*, ( ‘lUJ iitly tie* j>oiiit I'lmm. trom tin* )»ottom 

of the seah* i-orir-oohd" t arwl tlie ptMiit I 1 mm. frt>ni the 

bottom e^irre^jiond^ to ’C.t 'riniN a di-'ianee of It»n mni. on the 
M‘ale e«*n‘e^|M .nd^ to an intuNal of et ntigrade degin s. It is 

then ea'iy to raltulat<’ tic* inter\al on the efiitignnl** -e.de for I 
mm. r>n the thermoim t* r : in this ea-e *Jl^^ 1th) il**gree.s corn'spond t( 

1 mm. 

Su{»jM'>s<‘ this thermometer eiiij»l. »yed for tinding tin* tempera- 
ture <*f a Ihjuid in a ealorimetor (p. .’Ud), and tiiat tin* iner(*nry 
stands at tJ 1 mm. from (la* iHittom of the M-.tlt*. Then the inereiirv 
stands at lU mm. alMivo tin* tiee/.ing point, and tin* corresponding 

bl) 

tem])orature on tic* emtigrade srale is |0 x j 

The relation ls.*tween tin* .se.de of tin* given tliermoineter and file 
centigrade scale can be -.Imwii gra]»hh jilly, taking the n*ading.s of 
the thfrinoineter as ab.scissae and tin* readings of the centigrade 
scab; asj urdinatcs. 

Exi"t. 151. Graduation of a Thermometer with an 
Arbitrary Scale. — Staridardi.se a tljermoineter provi<le<l with 
an arbitrary scale, in the manner d**.scrilK*d, and Use it to 
determine the tmiij^'rature of the romn, and also the 
temt>erature of the water .supply. 

J4. Melting Points and Boii.iNti Pcjints 

Expt. 152. Determination of the Melting Point of a 
Solid. — To determine the melting point of a solid such as 
{>araffiri wax, draw out a piece of glas.s tube in tlni flame of a 
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l)IoNvj)ij)c so a.s to form a thm-walled capillary tube. Cut off 
Avitli a lile, or ^doss-c-utter's knife, a piece of this tulje s\ few 
centimetres long. The tube must uow be filled with the 
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material umicr investigation by di[>[>ing one end into the 
liipiid formed by lieating a small quantity of the solid in a 
suitable vessel. In most eases the liquid will be drawn into 
the tube by eapillaiy aetion. The tube must be .sealed otf at the 
bottom after tilling, utlierwi.se tlie substanee will run out ^^hen 
melted, or tlie water will ri.se up the tube and the solidifying 
point cannot be t)b.servtMl. 

The tube containing the solid subsUuice is now attached to 
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the bulb of a thermometer by elastic l^ancls or fine threads, 
*aiid the bulb is heated carefully in a water bath (Fig. 170). 
The reading of the thermometer is noted at the instant when 
the solid in the small tube assumes the liquid state, and 
another reading may be taken by allowing the water-bath to 
cool and noting when the solid reforms. The temj)orature 
taken for the will be somewhat a))ove the true melting 

j>oint, and the tenqx'rature for the solUlijictition will Ik? too low. 
The moan must ho taken as the true melting \H>int. There 
is, however, a iKissibility of si<^>er-tN>o//nr; the liquid and in 
such an event the true melting point is not obhuned by this 
type of experiment. 

In some eases the capillary tnbt» may be dis|>en.sed with 
and a thin tilm <»f the >oUd may be forme«l r<»und the bulb of 
the ihermoiuettM*. wliieh is then heated carefully as Inifort*. 

hk^e al.so the experiment on the eur\e of cooling when a 
liqui<l soliilities, p. 

Exrr. lo:!. Determination of the Bolling Point of a 
Liquid. — For this <ieteriniiiatinn, plan* the litpiid ifi a test-tul>e 
fitted with a cork provided with two holes. A thermometer 
pass».*s tlirougli one holt‘ ami a glass tul)e to carry oil’ the vajKnir 
through tin' other. The t<‘^t tube is li(*ated carefully by a small 
flame or a water bath till the Ujiliug point of the liquid is 
reached. In order t^) prevtuit hoUintj with a few gla.sa 

beads, or >hort pit'ces of thin walled capillary tubing (ma<le by 
drawiim out a glass tube in the llaim* of the blowpipe), should 
be placed in the liipiid. The position of the th(*rmoiiieter in 
the test-tube will depend on the Ihjuhl umler test. 

(a) In the ca>e of a pure lirpiitl, the tliermoinoUT is u.si'd to 
n?gi>ter the tcnqMTature of the \apour only, and the bulb of 
the therrnom»-t* r shtnild not dip inli> the licjiiid (Fig. 171). 

(h) In the ca.>e of a >olntion, the l»‘iiiper.itiire of the liquid 
differs appreciably fr<»in that of the pure solvent. In order to 
detennine the Ixjiling point of the the* bulb of the 

theniiometer rim.st 1 m 3 immersed in the liquid. Notice the 
^difference between the readings when the thermometc'r bulb is 
in the solution, and when it is in the vaiK)ur aliovc the liquid. 
The solution must boiling ve^y yently to avoid superheating. 



CHAPTER II 

COKFFICIENTS OF EXPANSION 

§ 1. Tiik Coefficient of Linear Expansion 

The increase in length of a rod ]>rodncecl ])y raising its temj>era- 
turc one degree is small compared with the length of the rod, 
and is found to be nearly constant for different temperatures. 

The coefficient of linear expansion of a solid may be defined 
as the ratio of the increase in length to the original length 
for a rise in temperature of one degree. 

Thus, if the original length of the bar is and its length be- 
comes when its temj)erature is raised 1^, the coetlicient of linear 
expansion a is given by 

h - h 

«=--- . 

If the length of the bar becomes I when its temj)erature is raised 
r we may write 

aJ-A 

ht 

Hence = 

or y=/„.Ma/). 

It is sometimes convenient to take the original temperature 
of the bar as 0® C. ; then represents the length at 0® C. and i 
represents the temperature of the bar in degrees qentigrade 
corresponding to the length /. 

Since the change in length actually observed is small, it is in 
practice convenient to assume that the original temperature is 


0 ) 

( 2 ) 
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that of the room, and that represents the length oi the Iku* at 
that temperature. In this case it must be noted that / l epresmits 
the rise of temperature ; that is, the difference betwet n the linal 
temperature and that of the room. 

We see from equation (1) that a determinatiou i>f tlu* coelHcient 
of linear expiinsion involves the measurement of three quantities, 
the original length, the rise of temperatuiv, and the increase in lentjth. 
The only measurement j)resenting any dilheulty is the last. Since 
the probable error in this measurement is large, it is useless attempt- 
ing great accuracy in the mt^asurement of the other t\v<» quantities. 
(See p. 7.) The original length of the bar should lirst be <letcnnined 
to within 1 part in 1000, and the temperature at whieh the 
measurement is inado be noted. measure tht‘ small inerease in 
length when the bar is heated to a known temper.itun* several 
methods may be employed : — 

1. The increase in leiigtli may be magnified by means (»f a 
mechanical, or au optical, \v\rv (Lavoisier and La[>Iaee) in a known 
pro)K»rtioii. 

This first method is not at all a»*eurate, tlie magnifa'ation factor 
being unknown io within 2 or per cent. 

2. The increase in length may bo measunul c!iri‘etly by means nf 
a mieroineter .M'rew, An onlinarx s[»herometer <‘an Ik‘ (‘inployed 
for the purpose. 

3. The increase in huigth may be measured directly by employ- 
ing two micrometer or Nernier luicrosi-opes, one focussed ou each 
end of the bar under test. 

This method has the advantage over tin* other two in tlie fact 
that observations are made on botli ends of the har, amt no assunq>- 
tion is made that one end of the bar remains fixed throughout the 
experiment. This is essentially the metliod of Itoy and Jtainsden. 

Exit. lot. Determination of the Coefficient of Linear 
Expansion. — The following apparatus is an example of the 
second method. The bar to be experimented iij>on is placed 
inside a steam jacket consisting of a IkjIIow metal (or glass) 
tube through wliich a current of sti*am can be passed. The 
ends of the bar project slightly beyond the ends of the jacket, 
the joints being made steam-tight by cork or rubber tubing. 
A thermometer is provided to measure the tenqjcrature at each 
end of tlie bar. One end of tlie bar remains in contact witli a 
fixed metal stud ; the other end is free to ex^iand. A micro- 
meter screw with a divided head (spherometer) is arranged at 
this end so that the axis of the screw coincides in direction 
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with that of the bar. Contact between the end of the screw 
and the end of tlie bar may Ixs detected by the sens^of touch, 
or a ratchet micrometer may be used, so as to s* as soon 
as contact takes place, but it is jireferable to use a simple 
electrical device to indicate the position of contact. 

One jiole of a voltaic cell is put in connection with the 
micrometer screw ; the other pole is connected through a simple 
galvanometer with the stud against which tlic fixed end of the 
bar rests. As soon as tlie pcjint of the micrometer screw 
touches the end of the bar, the circuit is completed and the 
galvanometer needle is deflected. 

Set up the apparatus ami determine at the ordinary 
temperature the reading of the micrometer screw when contact 
takes place with the end of the bar. This adjustment should 
be repeated several times. 

Now tarn the iiih'rtnneier .sr/r?/' harl: several turns tu 
allow for erjjansion. Heat tlu‘ bar by ]»a>sing a current 
of steam from a ])oiler through the jacket, ancl wait until the 
bar has had tiim* to ac^juiro a sti'ady teinjaa-ature. \(»te the 
readings of both tluM’inometers. Again ailjust the micrometer 
screw to give contact, and take the reading. The reading 
should Ik* reiK‘ated several tinu*s. The dill'erenoe between thi.s 
and the former reading gives tlie inert‘ase in length of the bar. 

Calculate from the observation.'? the coellicient of linear ex- 
pansion of the bar. 

Tin* tliird inetJiod may be employetl to find the coefiicient of 
expansion of a metal tube. 

Expt. loo. Determination of the Coefficient of Linear 
Expansion of a Metal Tube. — Make two transverse semtehes, 
one near each end of a metal tube about one metre long. 
Measure the distance between them at the temperature of the 
room by setting uj» t\\o travelling inicroscoiK.‘s as in the 
comparison of the Yard and the Metro, Expt. 4. Tt is 
desirable to set u]) the microscoi»e stands on a slab of slate, so 
that the distance between them may not be aliected when the 
tube is heated. Focus the microscopes on the scratches. Pass 
a current of steam through the tube. Adjust the tube so that 
• the scratch at one end coincides with the cross hair of the first 
microscope, and measure the distance through wliich the second 
inicroscoi)e must be moved to give coincidence at that end of 
the tube. This gives the increas»5 in the length of the tul^e. 
Calculate the coetlicieut of linear expansion on the assumption 
that the tube is heated to 100** C. 
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§ 2. The Coefficient of Expansion (Dilatation) of 
A Liquid 

The coefficient of expansion of a liquid may be defined in 
two distinct ways : — 

I. The Zero Coefficient of Expansion. — The coefficient of 
expansion of a liquid is the ratio of the increase in volume to 
the volume at O'’ C. produced by a rise of temp- ’ature of I*’ C. 

Thus, if Vj be the volume at 1"' C., the voln iie at 0" C., and 
a the coefficient of expansion, 


If n'C ai^<uii)e that the suhiittinre expands vniformh/ iritlt rise of* 
temperahire ; that is, that e<pial changes of volume corres[)ond to 
equal changes of temperature, the volume \i at any temperature 
t is given by 


or 


V,-V,(I l-aQ. 


II. The Mean Coefficient of Expansion between two 
Temperatures. — The mean coefficient of ex 2 )ansion between any 
two temperatures is the ratio of the increase in volume to the 
original volume per degree rise of temperature. Thus, if a rise 
of temperature of f change the volume from V to V' the mean 
coefficient of expansion is 

r-v 

. yt 

Kote that no reference is made here to the original temperature 
being 0® C. 

In the case of a substance like water, which does not expand 
uniformly, this definition is necessary. 

EFFECT OF A CHANGE OF TEMPERATURE ON THE^ 
DENSITY OF A LIQUID 

Let V(j, /)q, denote the volume and density of a given mass of 
liquid at O'’ C. Then the mass of the liquid is 
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Let V, p, denote the volume and density at any other 
temperature f 0. Then the mass of the liquid is But the 
mass is the same at both temperatures. 


Hence 


or 


But 

* 




'^0 


SO it follows that =1 - «/, 

P 

or Pu = p(lia0* 

The (lilTcrenco should be noticed between this equation and 
that containing V. The oflect of a rise in temperature is, in 
general, to increase the volume but to diminish the density. 

The cocfiicient of expansion is given by 


a P'VP 

In the same way, the 7)iean coefficient of expansion between 
tMlo temperatures and may be shown to he 

P^Ji ti/ 

where /q is the density at and pg is the density at fg. 


COEFFICIENT OF EXPANSION OF WATER OVER VARIOUS 
RANGES OF TEMPERATURE 

In the case of a liquid, it is much easier to determine the 
variation in densUif than to determine the variation in the 
volume of a given mass of liquid. The method usually adopted 
is to fill a specific gravity bottle up to the mark with liquid 
at various temperatures, and to M’eigh tho quantity of liquid 
present. 

Expt. 1 5G. Expansion of Water by Specific Gravity Bottle 
Method. — In this case the density of the liquid is proportional 
to tho weight of liquid filling the bottle. Dry and weigh a 



aao 


A TEXT-BOOK OK PRACTICAL PHYSICS 


VI. IV 


specific graivity bottle of about 100 e.c. ea|KU*lty. I'ill tlie 
bottle to the mark with water at a teiniH*rature betNNeeii *J L\ 
and 7* C. Weigh the bottle and wati'r. 

Empty the bottle, place it in a bath of v\ater and raise the 
tem|)emture to about 20“ C. Fill the lK)ttle with \vat(*r from 
the bath, adjusting the level of the water to the mark on 
the neck, while the bottle still in the Inith. Take the 
temperature of the bath. Remove the bottle and water from 
the bath, carefully dry the outside of the b(»ttle, and weigh it. 

Repeat the experiment, adjusting the temperature to 40'' (J., 
60“ C., and and weighing the bottle when fidl of water 

to the mark at each of these temperatures. Jn weighing, the 
bottle and water will cool ctaiMderably and the liipiid surface 
will fall below the mark in the m‘ck. No notice need l)e 
taken of tliis. The litpiid in the bottle is tin* amount of 
li<[uid wliich tilled the l>ottle to tin* mark at the tem[»eratiire 
of the bath, it^ is not altered by its contraction. 

It is nec(*.>.s;iry. liowcvt^r, at the liigli tt‘mpcratur(*s to W(‘igh 
H'' (piickly as [K»»ib]c to avoul e\aj>oration. Tiien* may alM» be 
aji error <lue to tin; u}>wai‘d eoinection eiirrent past tlie hot 
bottle, and it is therefore a<lvisable to cool the bottle rapidly 
under the c<»M-water taj* l>efore weighing. 

The mass in gm. of the water lilling tin* })ottle at the 
first temperature (between 2 and 7’ C.), may U* taken as 
numerically ecpial to the volume of tlie vessel Vj at that 
temperature, the density of the water b»*ing one gr.im Jier c.c. 
within the limits of accuracy experiment over this range of 
temperature. 

Calculate the ca])acity of the vessel V at each of the other 
teinjieratures taken, ii.^ing the ex)»rcssion 

5 being the coetlieienl of cubical expansion of glass : ji is 
approximately 0-000025 per 1'' C. 

Find tlie density of the w^ater at each terniierature by dividing 
the mass of water in the bottle by the volume of the bottle at 
that temperature as calculated alxjve. Tabulate tlie (piantities : 
temperature, mass of liquid in bottle, volume of bottle (calculated), 
and density of liquid. 

From the densities at 20“ and C. calculate the mean co- 
efficient of expansion of the Avater between tJicse two temperatures — 

Mean a (<i to 20°) = 
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CalcuLitc also tin; mean ecxifficients (if expansion from 20' C. to 
40" (J., 40" C. to GO" C., and GO" C. to 80" C., liy a similar method. 

riot a curve showing tlie variation of density with temjierature 
and also showing tlic variation of the coefficient of expansion wth 
temperature. 

Tlie mean coefficient of exfjansion from 20° C. to 40* C. is 
practically the same as tlie coef8|ient of expansion at 30° C., and 
so on. 

DENSITY OF WATER AT VARIOUS TEMPERATURES BY 
MEANS OF A GLASS SINKER 

The variation of the density of water with the temjieratiire may 
be found by observing the weight of a glass sinker in water at 
ditlerent temperatures. 

Let denote tlie volmiie of the gla>s bulli at O' C., and /3 
the coellieient of eubical expansion nf g].Ls>. Then the volume 
of the bulb at any temperature t i\ will be V = V^^( 1 + 
value (3f /i for ordinary glass is about O-OUOOiM. 

If f)t denote the density cif water at t C., the weight of 
water displac<‘d by the sinker when e‘>m]»letely immersed is 
= 4 ./:!/)^)^. Jhit tliis is eijiial, in aecordanee with the 

prin(;i]il(* of Areliimedes, to the loss uf weight in water = W, say. 

w 

The, value of may be determined indirectly by finding the 
loss of Aveight when the sinker is immersed in Avater Avliose 
temperature is a]H»roximately 4°C. For temperatures not far from 
4° C. the density i>f w<iter may he eonshlen'il as 1 gm. per e.e., so 
that the A’olume of the sinker at this ti-mjierature is found readily. 

Exit. 157. Determination of the Density of Water at 
vatious Temperatures by Means of a Glass Sinker. — A 

convenient form of sinker consists of a gla>s bulb oontainiiig 
lead sliot. The (juaiitity of shot must lx.' adjusted before 
the bidb is sealed finally so that the sinker is siitfioieiitly 
lieavy to sink in Avater. Tlie bulb is suspended by a fine 
Avire from one arm of a sensith’e balanec. If a chemical 
balance Avith a closed ease is emploj^ed, a small hole must be 
provided in the floor of the balance-ease through Avliich the 
wire can jiass. Another liolc must be made in the shelf on 
which the balance-ease rests so that the Avire passes freely 


Tims 

and 
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through the two holes. The sinker is attached to the lower 
end of the wire, and can Ih) iinniersed conij>letcIy iri a largo 
vt‘ssel of water which can be heated to any desired temperature. 
To diminish the effects of surface tension at tlie point \^hero 
the wire passes through the surface of the water, tJie diameter 
of the wire should not exceed 0*1 mm. 

The sinker is first count qfpoised in air, tlien it is immtTScd 
completely in the water in the vessel and weighed again. The 
difference between the two weighings gives the loss of weight 
in water/ The first observation may Ihj made when the 
water is cooled to a temperature of about 4“ C. Then ht?4it the 
‘ bath to 70* or 80* C. and allow it to cool slowly. It is easier 
to regulate the temperature when the bath is cooling, and to 
maintain it at a steady value while the process of weighing 
is being carried on. The flame of a Bunsen burner slioiild 
be regulated carefully by altering its size or its disUince 
» below the bath so as to keep the temperature steady during the 
observation. Care must be taken to stir the water thoroughly 
between the observations, so that the temperature is unib)rni 
throughout the mass. Observations of the loss of weight 
and of the temperature, should l>e mode at intervals of 10“ 
or 15“ C. 

A table should Ijc drawn up giving the density of water at 
different temperatures, ami the results should be plotted on stiuared 
paper. 

Calculate the mean c<Kifticients of expansion of water Injtween 
the consecutive pairs of temperatures taken. 


THE WEIGHT THERMOMETER 


The Weight Thermometer is a cylindrical glass bulb, with a 
neck drawn down into a fine tube. This tube is bent round so 
that its o{>en end may dip into a vessel of liquid. The apparatus 
is used for finding the coeflicient of expansion of .a liquid. It 
is simplest to regard it as an instrument for comparing the 
densities of the liquid at two specified temperatures. 

Let Vq volume of the thermometer at 0® C. 
w = mass of liquid filling it at 0® C., 

Pg = density of liquid at 0® C. 

Let Vtf Tilt, pt denote the corresponding quantities at TO. 

Then, if fi is the coefficient of cubical expansion of glass. 
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From the jlefinition 

Henco 

or 


v,=v,(i+^0- 

of density it follows that 

= ^oPo = ^iPt- 

Y(j/?« _ 

Y, 

Pt " vu ' V, 

= -«(! + /?0 
m 


But it has been proved (p. 329) that 


A*. 


^•’=1 + a /, 

Pt 


where a is the coefficient of absolute cxiMiision of the liquid. 


Hence 1 + of = -'-'(I + PO- 

»<< 

Solving this equation for a, it is found that 


a 


Vlit ^ VI I 


Notice that no approximations wliatcver have been made in 
obtaining this result. 

If the expansion of the thermometer bulb be ignored, ^ = 0, 
and the coefficient of apparent expansion of the liquid is 


iiitt 

Expt. 158. Determination of the Coefficient of Expansion 
of Glycerin by the Weight Thermometer.— Find the mass 
of the empty thermometer. Fill the thermometer with 
glycerin by heating the bulb cautiously with a Bunsen flame, 
and letting the nozzle dip into a vessel containing some warm 
glycerin. ’ As the bulb cools, glycerin will be drawn into it. 
By rejKjated heating and cooling the bulb should be filled 
completely with glycerin. When the bulb has cooled to the 
temperature of the room, surround it with a vessel contiiining 
crushed ice, still keeping the nozzle in the glycerin. While 
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the bulb is cooling to 0*C., Aveigli a small cup or crucible; 
Remove the tlieriuonieter from the ice, placing the cup so as to 
catch the liquid that csca{)es. Weigh the thermometer and 
the cup together, anil determine the mass of glycerin filling 
the thermometer at IV C. 

Next place the thermometer in a beaker of water and lieat 
to the boiling point, alhnviug tlie glyeerii, that is forced ou 
to escape. Remove the thermometer, and let it cool to file 
temperature of the room. The liijuid will contract, but tiu* 
mass is still tlie mass of liquid filling the thermometer af 
100'’ C. Weigh the thermometer again, am' determine the 
mass of gly«*erin. 

C'aleulate the ecuUlieient of a))|>areiit expansion of glyeerin. 
Calculate also the eoelilcieiit of absolute c'Xpansion, assuming 
the coefHcient of oxpausinn of glass to be known. 


THE VOLUME DILATOMETER 

The Dilatometer consists ot a cvlindrical bull) to Avbich is 
attached a straight graduated tube. Jf the volume of the bull) 
up to the first division ou the stem is known, and also the 
xoluine corresponding to a division of tlie tube, the a[>paratns 
may be used to determine the coetlicieiit of a 2 )])aroiit expansion 
of a liquid. 

ExrT. 159. Determination of the Coefficient of Apparent 
Expansion of a Liquid by Means of the Dilatometer. 

— First weigh the empty ililatometer. Then fill it to the 
first divirtioii on tlie stem with a liquid of known density, ami 
weigh again. From the mass of Jhjuid thus found, caleiilati^ 
the volume of the bulb. Fill the dilatometer t(f a mark near 
the top of the stem ami w(*igh again. Find the mass of 
luiuid tilling a definite length of the .stem, and calculate the 
volume of this length of the stem. Deduce the volume 
coiTOSjjoiiding with one scale division. 

To find the coetlicieiit of apparent expansion of a liquid, fill 
the bulb and part of the stem with the lii|uid, and cool the 
whole to O'" C. l»y immersing in ice. Read the position of the 
liquid in the stem. Then heat to a knowm teiiqx'raiurc in 
a water batli, and again read the position of the liquid in tlie 
stem. Calculate tin.* volumes corresjiondiiig to these readings. 
Calculate the coefficient of apparent expansion from the 
foimula Vt = Vj^(l ■{‘at). 
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§ 3. Expansion of Gases 

THE EXPANSION OF AIR AT CONSTANT PRESSURE 

When a given mass of a gas expands under a constant 
pressure, in consequence of a rise of temperature, the relation 
between the volume and the temperature is expressed by the 
equation 

V, = Vo^M-af., 

where represents tlie volume of the gas at f C., the volume 
at O'" C., and a is called the coefficient of expansion, or the 
coefficient of Increase of volume at constant pressure. 

The equation expresses in symbolic form the Law of Charles 
which states that when a fixed mass of gas expands under 
constant pressure, the volume increases by a definite fraction 
of the volume at C. for each degree rise of temperature. 

Exi't. IGO. Determination of the Coefficient of Ex- 
pansion of Air at Constant Pressure. — A flask of 300 or 
400 c.c. cai>acity is provided with 
a well-fitting rubber stopper tlirough 
which passes a short length of glass 
tubing. The lower end of the tube 
should be Hush with th(* bottom of the 
stopper and the u])per end should not 
project more than '2 nr .3 cm. al>ove the 
stopper. A piece of riiblx*!- tubing 
about 5 cm. long is fitted to tlic ])r()- 
jecting glass tube. 

The flask, stopper and tiilx? must 
be dried thoroughly. This drying may 
be done by washing out with methylated 
spirit, and blowing a current of air 
tlirough tlie apparatus. The weight Wj 
of the dry flask is next found. 

The flask, with the stopper inserted, 
is then placed in a can of water which i72._Fiask h.*atea u 
is heated gradually to the boiling point. the Boiimg roint. 

If the can be fitted with a wire haiulJe, 

the latter will serve to hold the flask immersed in the water 
(Fig. 17*2). The flask must be left in the water for at least 
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live minutes after the boiling point has been reached, so that 
the air inside may reach the temperature of the boiling water^ 
which we shall assume to be 100* C. The rubber tubing is. 

then pinched firmly between the 
thumb and finger, and the flask 
[ flask I is quickly lifted out of the can 

and turned upside down in u 

largo vessel containing cold water 
(Fig. 173). As soon as the 
stopper is iind<*r the surface of 
the cold water, the rubber tube 
tube^'^ may l>o releasoo so that cold 
water may enter the flask. The 
flask must Ih 3 iniincrsed com 

f .... i:3.-Fla.k iu Cold Water. “eck 

downwards, so that the contents 

may come to th(‘ temperature of the water. Let this temjicra 
ture be f C. The flask is then raised till the level of the wntei 
inside the jlnsk is the same as the level outside^ i.e, till the 
.pressure of the air inside is the same as the atmospheric • 
pressure. Tlie rubber tubing i.s pinclied while this condition is 
satisfied and the flask is lifted out of the water, turned right way 
up, dried on the outside and weighed. Let the weight be W^. 

Then the flask is filled completely with cold water, the 
stopper is inserted so that the water fills the glass tube, and 
the w’eigbt is found, 

Tlie weight of water filling the wiiole flask is gm. 

But 1 gm. of w'ater occupies 1 c.c. 8 o the volume of the flask is 
W 3 -W, C.C. Now when the fla.sk was in the boiling wnter, the 
air imside it occupied the whole volume and the pressure was 
atmospheric. 

Let this volume be then 

When the flask was placed in the cold water at t"" C., the volume 
of the air diminished till it Ijecame Ve ; and a little consideration 
will show that 

Vi = W3-W^c.c. 

This is the case because the air at this lower temperature occupied 
the volume not occupied by the water sucked into the flask. Thus, 
we find both and Yf 

But it is necessary to refer the volumes to the volume at 




OH. II 


COEFFICIENTS OF EXPANSION 


337 


0° C. in order to calculate the coefficient of expansion. That k 
wo have two equations 

^100 “ ^0 lOOtt), 

with two unknown quantities. 

Divide the first by the second, then 
Vjp^j 1 4 - 100a 

which gives 

° ioov,-/v,,,; 

from which the value of a may be calculated. 

THE CONSTANT VOLUME AIR THERMOMETER 

When a definite mass of gas is enclosed in a vessel the 
volume of which remains un- 
changed, the pressure exerted by 
the gas on the walls of the ves.sel 
increases a.s the temperature is 
raised. The relation between 
the pressure and the tcm])era- 
turc of the gas may bo examined 
by means of the apparatus known 
as the constant volume gas ther- 
mometer due to Jolly (1871). 

The gas is contained in a glas.s 
globe A (Fig. 174) which may be 
heated to any desired t(*m])era- 
turc by the bath of water, or oil, 
in which it is placed. The globe 
is connected by a glass tube of 
small bore with a mercury mano- 
meter for measuring the pressure. 

The manometer consists of two 
fairly wide glass tubes HI) ami 
EC connected by a length of Fm. 174,— Jolly’aCoiistantVolumcOas 
rubber tubing. It contains sulH- 'rherniomoter. 

cient mercury to fill the rubber tube and some part of the wide glass 
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tubes. The level of the mercury in BD can be adjusted by raising 
or lowering the glass tube EG until the meniscus just touches the 
tip of a little glass index iixed inside B near the junction of the 
wide and narrow tubes. 

In using the apparatus, the mercury meniscus in BD must 
occupy this definite position, in order that the volume of the gas 
enclosed in the globe A and the narrow tube may remain constant. 
The pressure exerted by the gas is equal to that at the level of the 
mercury surface at B. This pressure is found by measuring the 
difiference in level between the surface of the mercury^at B and 
that of the mercury in EC, and taking into account the pressure 
of the atmosphere on the mercury at E. The atuK'spheric pressure 
at the time when the observations are made, must be found by 
reading the height of the barometer. ^ 

Three points in connection with the use of the apparatus 
require to be emphasised : — 

I. In order to determine the difference in level of the mercury 
surfaces accurately, the ajjparatus must l)e so arranged that the 
tubes C and D are quite close to the scale used in measuring the 
level. 

II. The determination of the pressure must ]yo made while the 
temperature of tlie gas is constant, (hraf care viust he taken to 
keep the bath in ivfilrh A is immersed at a steady temperature 
while EC is being adjusted, and the reading of tlie difference of 
level of the mercury surfaces is being made. This can be done more 
easily w'hen the teini)erature is falling than when it is rising, so 
that it is advisable to heat the batli to the highest temperature 
to be used in the ex]>eriiiients. and tlicn allow the bath to cool 
slowly. As, however, this takes a considerable time, the batli may 
be heated to one or two degrees above any desired temperature and 
then the heater removed. The water is now stirred thoroughly 
until it hi^s cooled to the temperature desired. The adjustments 
are made approximately while the water is cooling, are brought 
rapidly to their exact value, and the reading is taken when this 
temperature has been reached. The whole bath is then heated 
rapidly to a little above the next temperature desired, when the 
same process is repeated. 

The success of the experiment depends on the temperature of 
the gas inside the bulb being exactly the same as the temperature 
of the bath outside, and upon this temperature being determined 
accurately. '' 

III. When the bath is allowed to cool, great care must he taken 
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that the niercwry in BD ie not drawn over into the btdb A in 
consequence of the reduction of the pressure of the gas. To 
prevent this, lower the tube EC so that the mercury in BD may be 
well below the top of the tulx;. When the experiment is completed 
ike tube EC must always be lowered in this way, 

Expt. 161. Variation of the Pressure of a fixed Mass 
of Air with the Temperature as shown by a Mercury 
Thermometer when the Volume is kept constant. — Use a 

water, bath to heat the bulb of tiie air thermometer, 
and a mercury thermometer to take the temperature of the 
water bath. Heat the water to the boiling point, and when 
the tcmixjrature has become steady, read the thermometer, 
adjust the mercury in the manometer, and read the level of^ 
B and E. Then allow the tem|)eratnre to fall about 20“, and"* 
again take readings of tem|)crature and pressure. Take a 
series of readings in this way, allowing the temi^erature to fall 
about 20'’ between consecutive readings. Or the adjustments 
to the difterent temi)eratures may be made while raising the 
temperature, if the precautions mentioned in II. are taken, 
the final Umiperature l)eing 100“ C. 

Record the results as follows : — 


* Height of Barometer— , . 
Luvol of Index Mark at B= . 


Teinwraturc. Level of E. Diftereiice of l.evel, Pres.sure in A. 

E-B. 


The relation between the pressui'e of the air and its temperature 
must now be represented graphically, taking the pressure as the 
ordinate and the temperature as the abscissa. The 
obtained should fall nearly on a straight line. Draw 
line passing through the points so that there are about as many 
points above the line as below it. Find from this line, which may 
be taken to represent an average of the exi^erimental results, the 
pressures corresponding to two chosen temperatures t^ and t^* 
Let these pressures be and p.^. 

Then, if a denote the coefiicient of increase of pressure of a gas 
with temperature, we may write 


joints so 
straight 
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\Vo fan iUniinatf )>y ilivuliin^ ono i‘i|iialiou hy tliv 
so obtain 

y., 1 

Jt.^ I -f «/., 

Solving for « we get 


Pi- 


(•tln r, aiitl 


Calculate the value r»t n by means ot lliis ecjuatlon. 

We may, if we >eltrt as the elmsen teiiiperatures O'* C. 

and /, loo C. Fiiiil fr»*m tlie gra|>]i the eonvspomling pre'^suros 
and and ealenlato « Inun the e«|uation 

To do thi> the g‘*;»ph !»»• t*xteiuh‘d beyond tlie low<'st teinpera- 

tlire usetl, the pp ''UP* U*ing obtain«*d by ^ i trnjuthifnm^ 

KxeT. l‘»L\ Determination of the Temperature of the 
Melting Point of a Substance by means of the Constant 
Volume Air Thermometer. — In this i Nju riiiient no mereiny 
thernn •meter is to K- but tin* .'••mI*- »•! tenipernture delined 

hy (he (‘onsf.irit v<«iume ,iir tli«Tnn»inet»«r to 1 h* (‘inployiMl. First 
determine the * fixed pom N ' of liie thermometer. Ifetermin** 
the lower tixid point by ob-4-rviiig tin* j»n>>ure of Hit; air in 
the bulb when th** surrounding bath contains melting icc. 
Let this pp s.-'ure be Di-t^ rinine the upper fixetl point by 
observing the pre',>nn- of the air in the bulb whi*ii at tin* 
ladling point. Strictly .speuking, it wouI<l Ih 5 iieeessary to 
surround the bulb with steam from pure; water Trolling under 
standard j>re>sure to obtain this point aeeurately. For tlie 
present pur|Myw»; jt will sulliei* to surround the bulb with 
boiling water in the water bath. Let the corresponding 
pre.ssure lx* 

Then 

The value of a can thus lie found by direct experiment. 

Now adjust the tmiiperatun; of the w’ater in tho water bath 
till it is eipiai to that of the melting jMUiit of the solid. For 
this purpose a .small quantity of the solid may bo placed in a 
thin-walled test-tube, which may be immersed in the water 
bath. Head the pre8.sure jj corresponding with this temperature. 
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Th< II cm the* Hcalr <if tin*, roiistaut volume air thennometer 
J> -y/,/ I H >i(), 

wli(!n- t is the 1«*iiHH*ratiinf lo )«• ileferiiiiin'd, ami « has the 
valiir iilreaily ff»uml exjieriineiitally. 

(’.ileulate the teiiijK*i*atiire t from this equation. 

The lesiilts of experiments on gases expressed in the laws of 
Boyle anti of Cliarlos may bo combined in the single expression 

PV = RT. 

where P denotes the pressure, V the volume of a given mass of 
gas, and T is the absolute temperature, the tem|>eratur 0 
reckoned from 27;PC. below the freezing point on the centi- 
grade scale. 

It is a constant generally known as tlie gas constant. 

This expression should be employed in dealing with calcula- 
tions with regard to gases, e.xeept when the gas coeiiicient u has 
to be determined from experimental observations. 

If unit mass of gas be considered, V-- 1 p, where /> is the 
den>ity of the gas, and the gas e<|uation may be written 

P>-RT. 

In tliis e(|uation K is the gas constant leckoned for 1 gin. of gas. 



CHAPTER III 

CALOlilMETKY 

1. MKASniEMF.NT Oh' QrANTlTlEN OF IIkAT 

The subject of calorimetry ileals with the measurement of 
cjuantitios of heat. The unit quantity of heat is that tjuaiitity 
which is re<juire(l to raise the temperature of unit imias of water 
one ib^grt‘e. The unit u'euerally enij>h>vetl in Hclentific work is 
the calorie, which may be detined or the quantity of heat 
required to raise the temperature of 1 gm. of water l^'C. 
at some specified temperature. This <juantity is nearly, but not 
c.xactly, the s;ime at ilifierent temperatures, between 0'^ C’. and 
lOO’C,, e.g. the 15" calorie is aliout 1 part in 1000 greater than 
the 20® calorie. In what follows these small variation.s will be 
ignored. The number of rahjrics rcijuired to rai.se the tempera- 
ture of m gm. oi water from f^' C. to C C. will then be 

II -• - fj). 

A certain quantity of heat is required to raise the temperature 
of a body VC . — this quantity is called the thermal capacity 
of the body. The quantity of water which recjuires the same 
amount of heat as a certain body to raise its temperature 1® C. 
is called the water equivalent of the body. The water 
equivalent in ffra7ns is mimorically equal to the thermal capacity 
in calories per ® C. 

If the water equivalent of a body be w gm., then the heat re- 
quired to raise the temperature of the body from fj® C. to C. is 
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The themu^ caiiaeUy of unit ]nas$» or the spedltol^ulii^ 
of » enbetanoe is the number of ealories required to ralw^" 
the temimrature of 1 gm. of the substance ro. If the 
specific heat of a substance be denoted by $ calories per gram 
per ^ C., the beat required to raise the temperature of m gtu. 
from C. to C. is 

H=jns(r,-r,)- ^ 

This is the fundamental equation in connection with the 
measurement of quiuitities of heat. 

Compating this with the piecedmg equation, we see that the 
water equivalent w= llente the water (.qunalent of a liody 
can be oilculated as the pioduct of the mass of the Ixxly and 
the specific hc<il of the substanca 

CALORIMETERS 

A \ess(l a<Upto<l for the ni( iMircinent of quantities of ISeat 
IS tciiiied a oalonmeter It should In irranged so as to aMud, 
as far as pOhsible, transbume of luat to or finm txUnul bodies. 
SikIi tnuistf reiue tin tike j^kut b\ londmtion, con\ection, or 
radution To a>oid cniiduition ot l»t it, th( i iloiirmttr w sujqiorteii 
by some bad (on<lmtor ot la it, smh a-i felt, lotton wool, tork, or 
ebonite. To a>oid lonititioii iuiKiit>, the i^ sometimes 

|)acked in cotton muoI or ‘'iiiioumkd b^ a \ai.uuin jacket. To 
pre\ent traiusfcrtnu of luat b\ raiiiation, nsuall} tla calorimeter is 
supjMuUd in an outer ^^.vsll, the outride ot the iniai \e>sel Kung 
brightl} jiolislied to diminish the Lmi>MMt\, and the iiiMde of the 
outer \essel bung jiolidied biightlj to iiKieasi the rtllecting jK)wer. 

A Dewars \nriuiin \eb>el (thermo^ Ihsk) is a u>n\Lnient calori- 
meter for some c\]x?riments, but as the glavs dt>ts not all acquire 
the same temjH'iatuie, there is some dittault} in dci^iding what 
value to Like as its theiraal capauti. 


§ 2. Determination of thi- Sricirn. Hkvt of a SouDy 

Exrr. 1G3. Simple Methods of determining the Specific 
Heat of a Solid. A known mass of the solid is heated to a 
definite tem|)eiatuic and then placv'd m a known mass of 
watei at the tonqK*ratuie of the loom. The ^olld and the 
water finally attain a common tenqienituR*, which is observed. 
The siK'citic heat of the solid can then be calculated. 
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The solid should 1 h> weighed first of nil, so that the other 
weighings can Ik? ciirrieii out while the solid is Wing Inmted. 
If the solid is a lump of ineLd, attach to it a fine tlirmd or 
wire, and lower it into a can of water wliieh can bo heated to 
the boiling If tlie solid is in fragments (e,i/. lead shot 

or brass filings) place the fragments in a tcsl-tiil*!? of glass « 
thin metal and heat tliis in the Iniiling wa‘tr. The s<»li«l mns 
1 h? left in the Infiling water for a snfiicient time for the whole 
to reach a steady t<‘m|»eratnre. 

While tile solid is being lieatt'd, weiLrh a .dorinieter fwith 
its stirivr) and weigh it again wlnn 1 ' » thinls full of 

water. Observe and iveord the temperature 4‘t the water. 

When the temper.ituje of the ^ohd has reached ihiil of the 
]»oiIing water, transfer it «jU:ckl\ j»(»»ible to tlieealmi- 
nieter. In tlie ca^«“ tin fraguieiil^, the test luU’ i" Iifte»l 1»N 
a suitable handle and tilted that th*‘ tia:.rment> fall into tlie 
calorimeter. Stir tiie water in the iMloriiiuner aiul observe 
carefuily tlie higlit-^t teinperatnn' n-i'orded by the thenu(»- 
meter. In the ea^e of the .M»hd lump, a small ijuantity of 
watt*r is unavoidably tran^Iero d to the calorimeter when the 
lump is lifte*l i.\ tlie thread and placed in the latter vessel ; 
atid this iritiXHluces a seriou> error. 

Tlift fellowiiii: ihu^tr.itfs th*- iuetl.'»i .>r * nt< iiir4 the Dh.srrvations 

and cai'’ul th* o ''ilt . 

Eyatnjii* . — Dct* rminat e-u «*f tin* ilu- Im.iI i.f h tid .shot. 

M i'*'* ff If I'l N'jf.t . •»'•)'» ;4rii. 

M i" (>*, <• il».ijiuft»T ,'in l ."tin* r - in-O ;;in. 

M i" *>( f.iieriiia I- r, ''tin* r, and water ^;iu. 

M ef w alf r - ‘J12*U 

Initial t« nn-craturf nf -lit.t ITm')’ (!. 

Initial t<-n:pfr.itiin; f>t wal#!, l.'iar (’. 

Final tfinjjviatmv ut water and .-^het, f.j ~ 17‘I> 

\Yf asMiinc tlnit tic. In-it ^dvrii out by tin* M)lid in e»)olin/^ from 100' (’. to , 
the final ternjwjrature L is exai-lly to the heat taki*n in by tin* water 

and the calorimeter when llnir temperature rises fioiii fi to /.« 

If 5 is the specific heat of the solid, the ln-at it ^ives out is 
200 / 3 X (100 - ('ab»rie.‘». 

The ‘water e‘pii\a]ent ’ of the caloriineler is etpial to its imi.^s iiiultiplitMl 
by the sis'cific heat of the material (0«00o say} 

= 40 X 0-095 — 1»-8 gin. 

The total water cf|ui valent (including both calorimeter and water) 

= 212*2 f 3-6 gm. 

= 210 gm. 
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Tlio lieat taken in by Ute waitr ami the calorimeter 

-216 X {17-3 -15) 

. - 496*8 calories. 

We next write down sii <*4|iiation ex]treHsiiig the fa<‘t that the heat given 
out by the solid is <M|ual to the h^^at takf*n in by the aater and the 
calorimetfr. 

200x5/000- 17*.t - 190* « 

s = 0*0;i caloru's |K*r 


REGNAULTS APPARATUS 

For Iho rtcrnrato <b‘tcrininatinri rif tlif* ^i»C(iric luMt of a solid 
an apparatus 4 *f tin* t\pt* <b‘Ni^tn*iI l»y Ih'pi.iult ina\ Is* employed. 
Tin* <*lnef ]K»intv kept in \j4*w in the d(*^igii of tliiw apjiaratus 
wen* tin* he.itinfT 4»i‘ the solid to a li\e<l temperature without 
font. 14 1 with moisture, the rapllityof trail ^^erL‘nct* from the heating 



rhamlMT to the ralorimctor, and the j>roteotion of the calorimeter 
from the heating ehamher iluring the other part> of the exjHTiinent. 

'Khe solid at A (Fig. 175) is heated inside a douMe-w'alleti stemii 
jacket, through which a current I’f steam is jmssed from a Kiiler. 
The boiler and the outlet must In* arrangoil so as not to 

nuliate heat to the ealorimeter (*, which is shielde«l from the steam 
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lieater by a sliding wooden shutter D. While the solid is belnA 
lieated the up]:)er end of the chamber is cIosihI by a cork tlirougb 
which ^Hisses a thermometer reading to IQO* 0.| and the loV^er 
cud is closed by imrt of the wooden platfonu £• The solid, which 
should be in contact with the bulb of the themiometcr, a 

sus{)eudeii by a fine threiid held in iK)sition by the cork. In the 
ca.<c of a nictiil it is convenient to use a %v)re bent into the form of 
a helix. 


Exrr. 16 1. Begnault’s Apparatus for the Sp^ifle Beat of 
a Solid. — As it requiiv^ a long time for the solid to attain a 
stea<ly tcni|H*nituie, the lir^t o|H‘ration, after irmnging for a 
supply (»f ^toaIn, .shouhl Iv to A\ugh the s**liil .ind to .su.s|RMid 
it in the hratiinr ehainln'r. Tin^u the inner Yt\ssel of the calori- 
liiet**r slenil.l U* and tille«l .ibniit three jwirts full of 

water, atter \\hieh it weiu'lad airani to dt tt^rinine the mass 
of the ^%ateI^ It then pl.u»Hl in posithm in the outtT liietal 
vc.'vMd, whieh furtluT protected by the wtHwlen box. A 
seii>itive thcriiionietor i> Used to dideniiine the tcfn|>erature of 
the uater in the ealoiimeter as ae<Mirattdy as |MKSMble. The 
. solid .sh(»uld Ih* allowed to remain in the lieating chanil)or for 
at ](*iut live nuiintes nfhr (It* ft mjttntfitre shawn hy the thermo* 
meter in the rhtimhtr efavh/. The whole process of 

heating the ^ulnl >\ill take ]>r(»bably from t\\enty to thirty 
minutes after steam has eommeiiei‘d to j>.is.s. 

When tlii^ steady t4*m|HM«ituie has l>een reconlefl, the heat- 
ing chamber is ''VMiiig hmuhI till it conn's al^>\e the hole in 
the phitforin K, The .vhutt**r U is raised, and the l)ox F 
containing the ealoiimeter is puslied into }K»-^ition «o that the 
inner vt>s« l of the ealorimeter h exaetly undenieath the hole 
in the platform. Tlie -olid is IcAvered quickly into the calori- 
meter without .splashing, the 1 k)x F is withdrawn, and the 
shutter is lowered. The ti'iuiK'raturc of the calorimeter is 
oh-^rved carefully and the liiglie.st tem|K;niture rcaidicd 
recorded. In an accurate fh'termination a cfioHng curve 
W7)uld be plotted in order to determine the correction necessary 
to allow' lor loss of heat by mdiation fji. 318), 

F^rorn the oliscr vat ions tlie spsifie hisit can lx* calculated exactly 
as in the simpler expi'ninent on p. 31b 

Let 7n = the mass of the solid. 

s ~ the unknown sjiecilic heat, 
c - the mass of the calorimeter, 

M - the mass of water in the calorimcton 



9 ^ « tbe Hpecific b^t of tbc material of tbo calmnlMfei?* 
temperature of the hot solid. T 

tj » thp initial tcmiicrature of the calorimeter. . 
a» the final temiicraturo of the calorimeter. 

Then the heat given out by the solid in cooling from t to ^ 

~ 7/M(f - ^ 

The heat taken in by the water and the calorimeter in changing 
in temiierature from to 

Assuming tliese quantities of heat to W eqmil, 

lNs{f - f^_.) = (M + C.<J )( ), 

an CMpuition from which tlie value of .< can )m* determined. 

The student sliould iu»t attempt to reiiieiidHT an equation of 
this kind, but should obtain the result in any j»arti<*ular case from 
first principle's. 

S 3. Detkilmj NATION uF^TUK SpKciFir Hkat of Liyi lDS 

The sia?citic heat of a litjuld may K* determined by the method 
of mixtures in several ways. 

Kxpt. IGo. Determination of the Specific Heat of a 
Liquid, using a Solid of known Specific Heat. — The solid 
must have no chemical action on the liquid. 

TJiis determination IsciUTied out in e.xac tly the .sune manner 
as that of the specilie heat of a solid (Exj)ts. 1<)3 and 104), 
using the gi\en licjuid in phux* of water in the calorimeter. 

Let ,% denote the s[»ecitic lieat 'd' tlie liquid, M its mass, then 
fns{f - f,) - { + vs^)(u - fj), 

whore the other symbols have the meaning previously assigned to 
them. 

Kxpt. 1G6. Determination of the Specific Heat of a 
Liquid by Begnault's Method, — The siH?eifio heat is determined 
by running tlie hot liquid into a thiu-walled metal vessel placed 
ill tlie water in the calorimeter, or conversely by running hot 
water into a thin-walled metal vessel ]>laced in the given liquid 
in the calorimeter. Sinee tlie mixture of two liquids at the 
same temjK'mture often results in the evolution of heat thixnigh 
chemical action, the two liquids should not, as a rule, be brought 
into direct contact. 
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Exi't. lliT. Deteminaiion of the Specific Heat of a 
Liquid by the Method of Mixtures.-- A inoro oinvcnient 

incth^Ki i'; boat the in a thin-walleil 

or metal eyliiuler,' closed by a cork thnai^'h which |«isses a 
thermometer. The lieateil liottle, after il« tem|H*niture has 
lam (letermine<l, transferred to the calorimett‘r. Tlie Iwdtlc, 
held by the stem «»f the therimmieter, may l»e u.M*d as a stirrer. 
A si'cond therijioiia'ter is nstal tt» tletermine the temjKM’atiire of 
the water in the calorimeter. The tiiial temperature is taken 
as the mean oi the readings of the two thermometers when 
they ditfer by only <aie degree or less. The water e<iuivnlent 
of the vessel ctmt. lining the lh(nid must of course lie taken 
into account, a> well as tlie water c «|ui\ah-nt of liie calorimeter. 

Exct. Ihii. Determination of the Specific Heat of a 
Liquid by means of the Calorifer. 'Fhc calorlfer resembles 
a mercury thermoiuctor with a large bulb. Tht‘re are, howt‘\(*r, 
only two marks <in the ^^•m. l'»y boating tin* <‘alorifer in 
lx‘iling water the mercury ri^es above the uj»por mark. Tlie 
calorifer is nuiiovetl from tin* b<aling water, dried, and placed 
in a Weighed tiuautity «»f liquid in. the (‘ahn imeter at the instant 
when the mercury reaeln**' the upjs r mark. It is left in the 
CMh.triineter till the mercury sinks to tin* l«>\\i‘r mark, wlieii it 
is at once renno.-d. Tin* ot teinperatun* of the liijuiil in 
the calorimeter niea-ured by a sensitive thermometer. 'Fhe 
same operation is then repeati*d, using a known weight of water 
in the culoriineter. Since exaetly the s;ime unantity of heat 
is transferred iiy tlie calorifer to the calorimeter in the two 
ex|«eriment-, it is ea-y to c*al<*ulate tin* speeitic heat (»f the 
li«piid. I’lie metlnsl of ealculation is left as an exer(*i.se for 
the .■'tildeiit. 

A description of the determination of the speeitic heat of a Inpibl 
by the method of cooling will Ik- found on p. .'bJO. 


§ i. Method of coiuiEcrtNo Calouimkthio Obskkvations 
von Radiation 

For accurate calorimetry, tin* calorimeter slioulil bo enclosed in a 
double-walled metal vcs.sid, lH*tw'een tin* walls of which w'ater is 
placed. I»y tliis means, the calorimeter is enclosed in constant 
temperature surroundings, and tlie radiation may be assumed to be 

^ ^in-walled uluiiiiiiium cyliinh-rH an; obtainable which arc suitable for this 
pur^iose. 
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proj»ortioi«iI to the (lifferencc iK'twt^en the tem])erature of the calori- 
iiictfr, ainl the triii|H.*niturc of the hiirroimding enriosurc. 

The tciii|HTiitun‘ of th»‘ caloriiiirtrr is taken ev<*ry 30 Kecondt^ 
}H‘f<»re and after the experinient as well as during the experiment 
its<‘lf, aial a curve siiowing the tcinperature \ariatiuii with time is 
plotte<l. 



1 hi. ITfi.—CorKH’tion (Sini*. 

At thehiglu'st temperature reuehed, the rate of fall of temi»erature 
is di‘t(*rminetl from the curve ; h*t thi> 1 h' r degnvs per minute, the 
higlu'st tempeniture being t degrees above the .surroundings. 

Divide the eu^^e into one minute inter\als, starting from the 
instant \^hen the h<»t body was dnipped into the calorimeter, and 
tjiko the tennKTuture at the middle of each <»f these intervals as the 
mean temjieraturo during that minute. Let these temiH.‘rutures lx* 
reapoetively t,,, f^degrws al)Ove the temperature of the encloBing 
vessel. 
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' iiwang tko 6rst minuto, heat wa« lost corresiK»ni1iiig with a inwii 
^temperature excess of degrees. ]f this heat had l)een retained^ 
the temperature at the end of the first minute would have been 

higher than the tem])erature aetually reached by an amount X| » 

During the second minute the heat lost would correai>ond witfi 

a loss of temi>erature ^ y „ and so on. 

The tem|»erature at the end of the tirst minute is degrees too 
low, during the seotuul minute theio is .i tint her Iikss of degrees, 
so that the temjierature it tlie end or tlie vnuid minute is f Cj 
degrees too low, due tt> the umiIihl' in the tuf» ininuU^s which have 
eUp^ since the h<it wa*- intOHluiMMl. 

Similarly, the cmnitiou to In addtd iit tlie end of tht* third 
minute i.s -t- Jf » -+- *> , and >o on. Ii\ athliiig on these c«*rn*etions 
to the curve plotted, a new uir\e will b* ohtaineil, ghing the 
temiH'ratiire-s that would luue Us n leaihed if tlieie ha<l Usm no 
radiation losses; this tur\e wdl W horr/iuilal at tlie end of the 
cxjicriiiient, the oidiuate of the hoiuontal ]H>itiou lK*ing the cor- 
rccte<I teni|>eniture. 

If desireil, /i^f/Mninute inter\ iK ma\ U‘ tak(*n» the correction 
lieing added on eM*r\ half- minute instead of eveiy minute as 
de^*riljed. 


§ b. La I KM* Hea'is 

DETERMINATION OF THE LATENT HEAT OF WATER 

Latent Heat of Fusion of Ice.-;f>The quantity of heat re- 
quired to change one gram of ice from the solid to the liquid 
form without change of temperature is called the latent heat 
of water, or the latent heat of fusion of ice. 

When small lumps of diy ice are added to a known mass of 
water in a calorimeter the ire is nudted, bt*comirig water at 0** C., 
and the ice-cold waiter alistracts heat from the warm water and 
calorimeter, until an equilibiium tem[)erHture is reached. 

If the calorinu ter .it the commencement of the ('XiKsriment is at 
the temi>erature ot the rr>om, it will be cooled lx*low that temi>eraturo 
by the additirm of i(*c, and so will be gaining heat by railiation 
throughout the cx[>erimeTit. 

To avoid error due to this cause, it is advisable tr» warm the 
calorimeter and the contained water to about 5“ above the tein|ieraturo 
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Df % roonii and to Bufficicnt Ice to coo! it thnnigh'^S)^ aanil^ 
aomtor of degrees ^loW the temperature of room/ The lQSS'<!f? 
heat during the first ualf of the experiment will then abo^ balance 
lie gain during the second half, provided the second Mif of the 
nqperimeut does not require much lod|;er time than the first hatf.^ ^ 

Expt. 169. Determination of the Lateift Heat of Fuaieii 
of Ice. — ^First weigh the ca)orim<«ter aith the stirrer. Intro- 
duce from 100 C.C, to 200 c.a of water and aeigh again. 

The diffcrenre betwe(*n these two wcigiiiiigs gives the 
mass of weAbr in the culoriiiieter. 

Warm the calorimeter to al>out 5* al>ove the tcmjierature 
of the room, by placing it in a of hot water. 

Dry the outride of the <‘aIoriiiieter, and place it in a larger 
cop]M‘r vessc*!, sup|)ortiiig it on felt, cott4»n w(m» 1, or cork so as 
to avoid transferenw of heat by toiiduction. Observe the 
tciniM^raturo <»f the wat4T with a ‘^‘nsilne tluTinoineter 

Dry some small piece.N of k*e by laeiiiiH of a cloth or blotting 
jmjHT and ad<l them giadiully, keejdng the water in the 
calorimtU^r .stirred, ('oiitimn* adtling the ice until tho*tein- 
jHjraturo has fallen about o the temi>f*r<iture of the 

r<»om. 01»?s*r\e the lowest teuq>eiittuit !♦ ached after all the 
ice luus lucdkal. 

Weigh the calorimeter airain, and liml the ina^^ (»f ice 
addc^l. 


The following exaiu|»U’ ilhivirates tlie,imih»Hl of entering the obsena 
tions and calculating tiic result 


•Mass of caloriiiK ti r with stirn i 

= 10*0 gin. 

f. ,, f, llldwittl 

-240‘0 gni 

,, vvatir 

gill. 

,, edorinutei and vv.iiei and ui 

-= 202 9 gm. 

,, lie 

3 22*9 gm. 

Temperature of room 

^15*0 r. 

Initial tempi rature of watt i, 

= 20 0 C. 

Fitwl „ „ t, 

= 10*0" C. 


Wo have to express iho fact tluit the Iu\it gnm out b\ t!ie w.itei and 
calorimeter in cooling fiom // imhjuuI to ilu* heat !et|uiitii to melt the 
ice and raise the temperature of the water pioduml liom U to C. 


* This method of avoiding eiioi (.amiot K* applied satisfaetonl) if the 
teinperatuic of the ro«>m ih very low, or if, iw Aouietmies hapinuis iii tiopical 
countries, the cooling would result in thea temperature Kuiig redueisl mueh Itelnvr 
the dew |)oiiii. In such casesi it would lie preferable to start w ith the tem]K‘r.atim» 
above that of the room, and llnUh when the temjieratim* is .ilnvut the Muno as that 
of the room, appl>iug a correction for the heat lost by radiation by the method 
on p. 348. 
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Tlw ‘water o»|uivaIenl * of the calorimeter {inclmlinj; the iitir(er) is 
equal to the mass of tlie caloriiiicter tnuhipliiMl hy the s|>cci!ic heat of 
copjKT (0*095) 

~ 10 X 0*095 ~ :)*8 gin. 

Heat given out by water * 

”rna'*s of water x fill in temporature 
r-=‘200 10 , 

“*i00o uniis of lu at. iMloru'*!. 

Heat given out by ealoi im.-i.T 

-- wator equivale nt uf i-aloriiu.'ter » fall in t* iuj«*’ratun‘ 

10 ; * 

- ealori* n. 

amount 4*f h»-at gi\en out 
ealorit*". 

Heat requireii to nu’lt 'J*J*9 .tmiu' of iet- 
’J-*l» s 1. < ai.irif >. 

\ihero I. ih»* latt iit heat of \iat»‘i% that i*^, the inim)»ir »>f required 

lo melt 1 gram of ue. 

Hvat Inquired raise ‘J‘2-0 grams of 'aaiei from u to 

* = li-*9 ‘s *2 e4iioi les 

. llolies. 

We write down an <quation e\j»r»'S'»ing the I'.iet that Ihi' total amount ot 
heat given out - total amount of heat absorbed; and horn this i-quaiiuii 
find the value of L. 

ThiH *20:tS = ‘J2*9 • L • ‘SSJ 

22 9 L = 1 >09 

li - 79 heat unit*, on tin* wnligrade se.ih* per gram of iee 
-79 oalnrie^ jn-r giam. 

DETERMINATION OF THE LATENT HEAT OF STEAM 

Latent Heat of Steam. — The latent heat of steam, op the 
latent heat of vaporization of water, is the amount of heat 
required to convert 1 gm. of water into steam without 
change of temperature. 

When steura from a lioiler is passf^l through a known mass 
of water in a calorimeter, some cif tlie steam is condensed and 
the final temperature of the wateT is raised a)>ovc its initial 
temperature. From the oliserved rise of temperature and the 
mass of steam condense<l, thc^ latent heat of steam can be 
calculated. 

If the water in tlie wilori meter is at the teinjicrature of tJie 
room at the lieginning of the ex[ii;riiiici)t, it will Jose heat by railia- 
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tion afi Boon as its temperature is raised above tliat of sorroundiug 
objects. This woul^tend to give too small a value for the lateat 
heat 

The error due to this cause may be reduced by commencing the 
cx|ieriment with the tomjjerature of the water as much below the 
tcmiierature of the room as it is above the teinjieniture of the room 
at the end of the cxijoriment. The error may also Vie diminished 
by making the duration of the heating as sliort as jiossible. For 
this jiurjiosc the steam sliould lie made to issue from the nozzle in 
a mpifl stmiiTi.# A screen maybe placed lietwecn the Ixiiler and 
the calorimeter to prevent mdiation of heat (Fig. 177). 



Fig, 177.— I.»t«nt Ueat of St<«in. 

To obtain an accurate result the steam must be dry, that is, 
free from condensed water. A w’ater trap of glass is provided to 
remove as much of the condensed water as jiossible. The rublier 
tube connecting the boiler to the water trap should be short : it 
may be laggeil with cotton wool. 

The importance of having the steam dry will bo realised from 
the fact that carrying over 1 giii. of water with the steam intro 
duces an error equivalent to about 500 calories. 

Exrr. 170. Determination of the Latent Heat of Steam. 

—First see that the boiler contains a sutlicient quantity of 
water, then lx)gin to licat it by means of a gas-burner. 

The calorimeter is made in two parts, an inner and an 

2a 
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outer vessel. Wei^li the inner vessel, hiuI fill it alsiUt two- 
thinls full with water, 

A(hl small pieces of ice till the tenqHU-iiture of the water 
lias fallen to ahoiit 5 C. Then weigli tli«‘ inner vessel witli 
its contents accurately. 

Nv>te the temperature «»!* the ro«»ni a:i I again rcail tin 
thermometer in the calorimeter. Kstimatc the ttunpcraturc 
at whii’h the experiiiicnt ought to U* lini>]iiMl. Ki>r exiiinple, 
if tla‘ temperature of the room is lo C\, the tinal temperature 
shouhl l>e about t’. 

any ^^atel tlr«‘]»> uilheriug t» t. * noz/le «tf the 
delivery tube. I'a'v- a i.tpid current ot sitMin * ;ntfi the water 
in the e.i!'»riiiu‘ti r. the tine* llmroughK stirring the 

water >«• as te tui'-ure ujiifoniiit\ i.t teniper.iluie. When the 
temperature lia'' riM ii to the de^iretl p'*int. rein«»ve the ealori- 
meler a-' <|uiekl\ a< iM»^vible from tlie neighlMnirliood of the 
lM»itei% aii'l o)t>rrve tie* highe>t temj*erat ui*.* reitudid by the 
thermometer. 

Weigh the caloruiiettu* again in order to determine the 

* amount <»f -'team eondeuMMl. 

load the lie^ght ot the barometer. 

J-’or til* standard (•re'-'^iire 7*‘»n mm. the ieni|H'raturi‘ r»f 
steam IS ItK) ( ’. Near thi> po >>nre an inerea^e of pressure 
corre-sp aiding to lit'e'' nun. ot niereiirv rai>e> the lK»iling p'»int 
one tlegrce C., ami b*i >mall ehaiige^ the rise in the boiling 
jjoiut is proportional t«» tie* eliaiioe in pV(‘S.sure. Heme the 
temjierature of steam corresponding to the obs»T\ed pri*M- 
sure may be ealenhitcd. As, howe\er, the temperature thus 
foiiml ilitVeis Imt little fn*m lOO the ern»r introdmvd by 
taking the teminMature of tin* .stt*ani as 1()(» ( is iiiapprceiable 
comparCtl with other unavoidable experimental errors. 

Enter the re.siilts as fellows ; — 

Ma.s*t of caioriniet#'r = 1^0*0 gni. 

,, ealoriiiiwUjr aii*l water =»>81*2g!ii. 

,, water .'*21*2 gill. 

* lu this fcx|ieriiiieiit the nozzle mu.st not In.* juiinersnl in tlic water ; it sliould 
t)e placed with its end only the .slightest amount helow the surface, ho that the 
water .surface is hlown away from the end ot the mizzle and the .steam merely 
plays on the water surface. If the nozzle i« put right down into the water tlie 
steam may condense too rapidly, when the water will he sucked up into the 
steam trap and the whole ex)jerinient spoileil. No errf»r i.<i introduced hy 
escaping steam ; the steam which escajies doe.s not condense in the water, so 
that its latent heat in not given up, nor is its inas-s included in the mass of 
steam condensed. 
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MttHM of ralorim^tor ati<1 water atul steam ~ 704*4 gm. 

y, stefiii comleDHTil =s 20-2 gm. 

Initial tuni{)orattirt! of wat<*r (\ = 6*2’ C. 

Final tciniHjraturc of watiT t.j C. «= 28*6'’ C. 

liarometric height a=758 rnrn. 

Temperature of steam T* =10^/ C. 

Calculate the ‘water equivalciil* of the caloriiiicter. The 
total water equivalent is obtained by adding the mass of water in 
the calorimeter to the water l•^|ui valent of the ca!f»rinieter. ff this 
is iiiulti{)lied by the rise of teni|»t*rature, we obtain the 

amount of heat absc»rlH*<l by the calorimeter and the water in it. 
This is expressed in calorios. 

Now consider tlie* heat given out in ronden.'^ing the steam and 
in lowering the t(‘mjK*ratnre of the ivsiilting \\ater. 

ileat given out in condensing the steam 

ma^s of steam condensed x L 
mass of condensed water x L 
gin. X L. • 

Heat gi\en <iut in Inhering tie* temperature the resulting 
water from 'F t<» /./ 

- in.i^s of steam < (T - 

- calorics. 

Assuming tliat there is no loss nr gain i^f heat by radiation, 
the .sum of these two i|Uantities must e«]U.il iht* iuat absnrUd by 
lh(' calorimeter ami the water in it. 

This gives a simple c<]uation from xvliicli L may bo determined. 



ClfArTKR IV 

n >«>LiN(i 

ii 1. Thk Law ok Tooi.ixt; 

Whkn a liot ImmIv is in an ♦•iit lusinv at a (Minstaiit 

teinpcfature, tin* ttniperaiiuv of the hi»t IkhIv will fall till at 
length it Locomes equal to that of the tuiclosnre. If the IkkIjt ]»c 
supjxjrtcU in such a way lh;<t the traiisferonee of hetit by con- 
duction can be ne^dccted, tlie coolinu' process will be due partly 
to radiation and partly to convection. If the effect of convection 
currents be eliminated, as l»y eanyin^r rmt experiments in a 
vacuum, the radiation is found to be proportional to the fourth 
power of the ^ absolute temperature. I'his is known as Stefan’s 
Law. 

In the onlinary case in which a hot l>ody cools in air at 
atmospheric pressure, the rate of cooling is found to be pro- 
portional to the difference between the temperature of the 
body and that of its surroundings. This is known as Newton’s 
Law of Cooling. Kcceiit experiments have shown that the law 
is approximately true within fairly wjdo limits of temperature, 
vhen the cooling takes place both by convection and by radiation. 

Expt. 171. Determination of the Bate of Cooling at 
different Temperatures. — To illustrate Newton’s law of 
cooling, supj)ort a small thin-walled metal vessel inside a 
larger one, in such a way as to reduce as far as possible trans- 
ference of heat by conduction. Nearly iill the small vessel 
with hot water at a temiKTaturc of about 80'" C. Take readings 
of the tem{)craturc of the water at intervals of half a minute 
until the temperature has fallen to within about ten degrees of 

356 
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tlio luin[)eratiiro of the room. Plot a graph with the tempera* 
turo as ordinate and the tiiiie as aliscissa, taking care that the 
curve is drawn moothly through the observed points (Fig. 178). , 
This cooling curve will be steep at first, but will b^me ksa ; 
steep as the temperature approaches that of the room. Dra;w a 
horizontal line on the squared pafjer to represent the tempera- 
ture of the room. 

To find the rate of cooling, or the rate of change of tempera- 
ture, at any jjarticular ternjxirature cf>rre»|»oiuliiig to a i)oint P 
on the graph, draw a tangent to the curve at this iK>iiit. Care 
must l)C t4iken in drawing this line ho that its direction may 
represent as accurately as ]K)ssib]e the direction of the curve at 
the point. 


liet the tangent meet the vertical axis at A and the horizontal line 
•representing tlie temperature of the niOin at li. Then the mto of 


change of temi»erutiiri‘ is 
given by the slope of this 
line, that is, the tangent 
of the angle A H C or 0, 
Measun* tlu* lengths AO 
and C'H, and ealeulato 
tan 0^ wjjieh is eipial to 
AC/ WC, ^I’lie ditiereneo 
l)t*tween the teiniHTatnrc 
of the iKuly and tliat of 
the. room is represmited 
by 1*X. Determine this 
dittorenee of teinjuTature. 

Tlien aeronling to 
Xewton's law of ecKiling, 
tan 0, the nite of cooling, 



shouhl 1 m 5 pn)jK)rtional to 


Ti*.. lT>.-lUte of Coi>rjn.:. 


PN, the difference of tem- 


perature. That is, tan tan f^--X‘l*X, or tan PX =1-, a 


constant. 


Determine this cpiantity for at least tliR'o points on the gni}»h, 
selecting the ]K>ints so ivs to repri'sent fairly different ]>ortions of 
the complete curve, and notice whether the result is approximately 
constant.^ 


* Since tan ^=: PN/NU, tan ^ l.NR 

Hence if tun 0/VS is a coiiMtaut, Nl$ iiiiiKt W a ronstant. 

Thia gives a simple graphical method of te'«ting the truth of the law. Mea.^ure 
the length of the line NB for the different i>oiuts enusidervd, and notice whether 
this length is appi'o\imuttil> constant. 
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Filul the difft*n*nce l)etwt*en the aiul tlie least value of 

the results ohtaineil, and ealeulate the jaTCeiitage lUHenuiet^ 

MTheii one quantity varies witti another in surh a way that tiio «rate of 
change of the lir>t <(U.tnCity with regaid to the seeoiid k*» j»rii|n>rtional to the 
first quantity, then the variaiiim is >aid to obey the logarithmic, or ex* 
]K>i}t*ntial, law. 

Thi> is the case wln n a sum of money accumulates at e'>iu|>ouijd interest, 
but then t!u' quantity tsmtuiuuUy increasing wl»ih in i ie* qm ion now 
undi r coiisiileiation the temper itu’i' t»f tiie Ijoi ho*i\ jse- atiiu »' y<liminisli' 
ing. If wo plot the h>g'ii iilim of the i \et s^ of t*'mj»t rat. .re i i ■( » the room 
teinj»oratiire' agiin-^t iho tiroe. tli.* j. ^u’l oul.l he a vtrai::ht liiu'. >tu«len!s 
who ha\o an ♦ iiu niarv Ku«wletlje «•:* t! •> .l;Mei«-i.‘!i i! caleulus may then 
Verify Ne\\t»>n ^ hiw a'. h*;hes !■ iJ:e giapi. in q-ievtioii i-' a 'tiasghl liiu 

1 'h 

wher* ' N ti e e\ee%^ .it z'. tl inuii! » • s w ln ii * o, .Ifni tt i' a 

con'tanl. 

Hub reniLitin.:. 

1 .A 

or ■ " , 

tliat i,'', tl.e rate of fa’.l at tine f i' piop.>i tional to llie exeess at this time t. 


§ 2. CCUVK OK C’lHit.INt; WHKN A Llgl'ID SOLIDIFIKS 

In the la.st experiment, Newton’s Law of Cooling wiis illustr»'ited 
by the cooling ot a thiii-wallfMl nietnl ve.ssel containing hoi w;iter. 
The results ohtfiincd in .such an experiment an? modifietl in a 
characteristic way when the liquid in tlie ves.sel pa.s.ses through 
the temperature at which .solidification occurs. 

In tlie present experiment, a substance may he used having a 
melting jioint above the ordinary atmospheric temperature, hut 
below 100 ' C. For instance, naphthalene*, stearin, or parallin wax 
of good quality may be employed. If the .substance at the 
beginning of the experiment is in the liquid state, and the vessel 
is allowed to cool, tlie temperature falls regularly until the 
point of solidification of the licpiid ia reached. Then, as each 
successive portion solidifies, it gives up its latent heat, and so 
preveA.ts the temperature from falling. The temperature therefore 
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remains ap]>roximaio1y constant till^the whole of the substance has 
solidified. From this time the temperature again diminishes 
regularly, till at length the solid reaches the temperature of the 
room (Fig. 179). 



■rn.. IT'J.— Cuo.iu^ C’urvc ahyniug MelliJiti lV.nl of Naphll;al.‘n<*. 


Kxit. 17l\ Determination of the Melting Point by a 
Cooling Curve. — 'flu* small hkMhI containintr the siil> 

staiK’c to ])«.• rxamiiiril is heaUnl carefully hy plungiug it in a 
vc.ssci of hot water, till the whoK* of the wax has melted and 
re«iche<l a tenijuTature of not more than 80“ C\ or 90' C. 

The .small ves.svl is then .su|»|K>rted in>ule a larger, and 
readings of the temperature are taken at half-minute intervals. 
When the sul>stanee begins to solidify, it l>eeoines neeessiiry to 
leave the thermometer at rest in the centre of tlie solidifying 
inass^ .so that it is better /tof to .stir in this exj»oriment. Con- 
tinue reading the temjH.'ratmv ull it has fallen 10“ or 15* below 
tlie melting point of tlie substanee. 

Plot a (!urve w ith tlie times as abscissiie and tla* temiH‘raturcs 
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as orclmates. Be oareful,||a to choose the scale that the cjinre 
covers practically the whole of tlio sheet of pajKjr. F rom the curve 
determine the melting point of the substance, i.e, the temperature 
at which the curve first shows a horizontal t>ortioii» 

Wlien the suhshince is a mixture, there may be sovenil differont 
melting points iudietitetl, or no sharp einifftge may In; observed. 
The cheaper kiruis of ]ntrattiri wax ai*e mixtiiivs of various meuilxjrs 
of the ]HirafHn series wliit li melt at dilVerent temperatures ; 
various eoiistitueiits ili>s«»lve eaeh (»ther to a slight extent, and 
there may l>e no detiiuic melting p<»int. 

Super-coolingr. — Ai\ ea^* of ocv*ling otTere<l l>y 

ordinary photographic Mi\p«i/ It this is melted .iiul a cooling 
curve taken in the u>ual way, th*' tfiiiperatun- will fall ijiiitA* steadily 
for a ctnishlerablc time, ulxwini: N< \vton‘s law of entiling. Suddenly 
solkliticatiou will enmiiu nee and inuiietliately a considerable r/se of 
temperature will tak** place, tin* tennH‘ratnre rising to, aial remaining 
steady at, the true melting point, until all the Mnpo* lias soliditied. 
It will then commnice to t^ill again a<‘eonling to the onlinary law 
of cooling. The student sh«»uhl endeavour to formulate some 
the^iry as to the cau>c of the rist of temperature ^\hen st»Iulilieatioa 
begins. 

It may .somctiiue'i be observed tliat the teinjuTature lias fallen 
to only a few’ degrees abo\e alnio^plu ric temperature iiu»l yet 
Bolidilication lia.^ m»t taken plaee. if the teiuj»crature falls to 
lielow 25 C. without solidilication fM-nirriiig, a erystiil of solid 
* liy|)0 * shouhl l»e droj;p<‘d into the mollen uiuk-, the temjxTature 
being carefully observed the wliile. 

§ 3. Specific Heat or a Liquid uy Mtnuoi) of Cooling 

The quantity of heat lost per second by a substance in 
given surroundings dejiends on the temperature of the cooling 
Ixxly, on the area it exposes, and on the nattire of the sui face 
exposed. The fall of temperature per second is c(|ual to the 
heat lost per second divided by the thermal capacity of the 
body. 

When a quatitity of Hc|uicl heated to some fairly high 
temperature is allow’ed to cool in a calorimeter pl^ed in a 
constant temperature enclosure, a cooling curve can be plotted 
from observations of the temperature of the liquid taken at half- 
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minute or minute intervals. The liquid can then be repla<^3 
hy wateri and a similar experiment carriM out for the water. 

take identiciil ranges of temperature in the two cases^ the 
average rates of loss of heat will be identical, though the 
average rates of fall of temperature will not. If the rates of 
fall of temperature arc found from the curves in the two cases, 

, then wc can find expressions for the rates of loss of heat, and 
hy equating these w'e can determine the specific heat of the 
liquid. 


Let M -- lUiuss of li(iuid us<*d and S its .s}>e(*ific heat, 

W - - mass f)f water, 

tn '--mass of calorimeter, s its >}K.‘citic lieut. 

Then sup|MK^e that the temperature falls fnuji 0^ to in each 
ease, the times taken for this to hike j>Iaee l>eing when the 
liquid is used, and f.j witli wati‘r. 

Tiic average rate of loss of lieat in tlie first Citse is 

and in the set‘ond case is 

'2 

Those rates arc equal, lienee * 

MS + ffiii AV -f ms 

From this equation S can Ih) calculateiL 

1 7‘k Determination of the Specific Heat of a Liquid 
by the Method of Cooling. I. — A iloubK^- walled vessel with 
water between the walls is UM*ful as a constant tenq»eniture 
enclosure. Parafiiu oil is a suitable litjuid to employ in this 
(lehTin illation. A small calorimeter of metal, with a lid 
pierced b)r a thermometer ami a stiri'er, is used to contain the 
liquid. It is inqtortant that the outer surface of the calorimeter 
should hi*, in the same condition in the two jmrts of the 
experiment. It may either be highly jKilisjhed or coated with 
dead-black varnish. . 

Weigh the calorimeter. Heat some |>amfiiu in another vessel * 
to about To'^C. by dipping the vessel in hot water, and pour 
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tlu? hot into the oaloriiiieter. Cover the caloriiiieter 

anii plaee it in position in the eneh)sure. MipiMirling it by a 
non-ec»iuluetor of lieat so that it litres not eoine into eonliU’t 
Avith the siimmiulin^ vessel (Ki^. lleuil the llieriMoinettT 

at intervals I minute as th»* teni|KU‘ature falls from 70 ti> 
.’W" C., keepini; tin* liquhl :;i.*ntly >timMl. The ealorimeter 
must he removed ami weighed at thr end of tln‘ (»hservations 
to determine the mass of paratim. I’lie s;mie proeednre must 
then 1*0 foliiovetl, udng water iiistead of paralliu, taking rare 
Ut>t ti> alter tl'.e ladiaiing <urfaet‘ in any \\a\. 



Pint the tN\n ennling eiirves oil st|uan‘d pajier, taking 
tomperatuies jam ordinate.^, limes as al»eissiie. From tlie eur\es 
determine tlie nunils r nf seeonds recjiiired for the paraflin and 
for the water to e^iol through an me rnvf/e f»f temjM'raturo 
(say from Oo tf> ‘K) Calculate the Hp(!cific Insit of the 

paraflin from the formula given on p. i5Cl. 

Sometimes two raloriimders are used, one containing water 
and the other the Jhjuid (paraffin). If this is done, they must lx* 
of the sjuiie m»*tal (aluiniiiiiini), liave identieal dimensions and b<» 
polLshed carefully ; they are hus[»etided at a little distant! apart in 
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tlie same cnclofiuro. Except for the wiving of time in taking the 
e()oIing curves siniulhineouHly, this )iit*th*Ml is not to lx* reconi* 
niondeil, as it is itiipossihlc to ensure tliat tlie ersJing surhM'Cs, even 
if cijiuil in un‘a, shall Ik* identical in polish. Tin* calori meters used 
are small, and it is assumt**! that tie* temiwraturc shown by the 
thermometer represents the temjK*rature of the lh]uid withjiLt 
siirrimj. 

Ijet ///j denote tlie mass of the first, ///.> the iiiu>?, of the second 
calorinii'ler. 


Then 


(MS- 


^ : 


i" tMplill X4 


( \S e //f Oj - 0.,^ 


^|S + ///.. V \\ -r Ilf 

...... 

From this e(|Uation S eaii Im* eah ulated. 

l‘] \ IT. 171. Determination of the Specific Heat of a Liquid 
by the Method of Cooling. 11. — Wcigli tin* empty <*ah»riiijfters 



Fill one calorimeter alsait two thirds full with ]»i\ratlin, and 
the other with water. Support tlic calorimeters from the lid 
of the enclosure by pas.siiig thenmuiieters through rubber 
stop]»ers as in ISl. Heat the calorimeters with the 

contained licjuid to alnjiit by immersing them hi a 
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Vivssel uf hot water. Replat'o the lid, with the i.ihiriiiiefor^ 
attached, on the enclosure, taking care that the caloriiuetcrs A 
do not touch the metal vessel B. 'Fhc sjuici^ iHjtweeu the 
vessels B and C should have been tilled with cold water. 
When the lid is in pasition, commeuce taking readings of the 
thermometers. 

A convenient plan is to take the noting of the first 
theniiometer when the seconds hand of a waudi is at 60, find 
the reading of the second thermometer when the stvx)nds haml 
is at IW. Readings shouKl not lie commeiKvd urilens the two 
thermometers indicate approximately the same temperature 
(botwetm 60' and 70' (A). CAmtimic tin* rciulings till the 
teni{>ertiture falls !»cIow 30 C. in ciu-h case. 'Fhc )>arafiin c<iols 
more rapidly, and therefore the will l*.•iich tcni- 

j»erature first WhtMi thi< is the ca><*, the readings of the 
paratlin thermometer eai. U* diNeontiuue<l, l»ut the water ther- 
mometer must still K* ve:ul. It is the time to cool through 
espial ranges oi trinperature \\hieh is nMpiired, iu)t the tem- 
[KTature change in e‘[iial times. 

At the end of tht‘s«‘ vat ions, remr»ve and weigff the 

calorimeters to determine tie* iii.iss of li»|iiid in each. Plot 
two curves on a sln'iU of s«|uared ]»a|H*r to show the ceding of 
the two cahaimeters, Liking t**iii})eratures as onlinatcs, times 
as ahscissiie. From the curves determine the nttmU*r of 
seconds re<[uired in each eaM* in cooling from f/, (als)ut 
60' C.) to 0.^ (alH)Ut 30 (*.), Calculate the .s[}eeific lieat of 
the liquid from the foniiula on p. 363. 



CHAPTER V 

THE COEFFICIENT OF THERMAL (‘ONDTXTIVITY 

§ 1. I)KFINITIoNS 

When* the teinpeniture at one point t>f a body is higher than 
the temperature at a neiglibouriiig point, heat tends to flow 
from the first point to the seeond. If the tenij)era- 
tiirc «t the two points ])e 1’^ and and d be 
the distiiiicai between them, tlie ^piantity (Tj - T^) d 
is called the temperature slope or temperature 
^adientJ It may be expressed in degrees per 
centimetre. 

When a slab of any material, of thickness (7, 
with [Kirallel faces, has one face mainUiined at a 
temperature Tj and tlie other face at a temperature 
1\, a steady How of heat will eventually take place 
in straight lines perpendicular to the faces of the 
slab, and the temperature slope will be uniform 
and equal to (i\ - T^,) </. 

The (piantity of heat Q, flowing in lime t through an area 
A measured on one face of the slab, will be proportional to the 
time, to the a^e^^ and to the temperature slope. It will also 
depend on |jhc material of which the slab is com|)ose(L Hence 
wo mav write — rp 

y KA > " % 

^ III tilt* iiotatioii of tliti difforiMitial calculus this may be writteu if x be 
taken to represent distauce. ^ 

aas 



Fir.. 1S« — Slab 
with Parallel 
Faces. 
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where K is a i)nrintity dopending on the materia! of the elah. 
This equation may be reganleil as dctining the meaning <»f K, 
the coefficient of thermal conductivity of the materiai. 
Solving the equation for K we find 


K 


A . -X ;d* 


The numerator i ineasuiv.N tin* rati' of flow of heat through 
the slab. This may be exjuesscii in ealiu*ies per second. 

Hence the coefficient of thermal conduct. vity may be 
<lefino(l luietly ;i- the rate of flow of heat per unit area per 
unit temperature slope.' The eiH'tl'u ient will be eypressetl in 
caloiies r -econd. pi*r Mpiare centimetre. pt‘r unit T^unperature 
slope. 

The measurement a coetli»-ient of thermal conductivity 
consequently invuUes ilir det(*rmiiiation, after a steady slate has 
)*eeri reached, of the tiir*‘e quantities: rate of tlow of heat, area 
tiirough whieh the ti'-at tlow-v, and tenii»erriture slop(‘. 


1 . KxI’KKIMKNTAL Dkikiiminations 

COEFFICIENT OF THERMAL CONDUCTIVITY OF A 
METAL BAR 

The metal, of which tie* eoctficii-nt o| thermal conductivity i.s 
to lie found, in the form >;t’ a eyJiridrii'al bar (Fig. 

One end of the bar is heated by [»assing a current of steam 
through a steam cliamber 15, tin* other eml is (;ooled }>y passing a 
current fit watc'r thniiigli a sjiiral tuln* encircling the bar at (!. 
The tenqK'ratuni at two points, I) ami 10, along the lengtii of the 
bar is determined by tlieniionifdei.s Tj ami T,. The teiiijierattin* in 
the water is df't^'rniined at llic point F, where it leaves tin* coil, 
by the thennonietiT ']’ , and at the point G, where it enters the 
coil, by the thennometer T^. 

«» 

Expt. 175. Detemination of the Coefficient of Thermal 
Condnetivity of a Metal Bar.- In ciin-yin^ out Uic oxiicri- 

* In the notation of the iliffi oaitial c:ih-ulus the i*<iuation may be written-^ 

dci;,H 

AdT/dx 
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ment a steady current c)f steaiii from a Ixjiler must be {ysmed 
tlirou>;li the steam clmitdM^r, and a steiuly current of water 
must Ih 5 |wisse<l tlirou;'h the coil. Tlie bar is {Kicked round 
with a liad condiu tor (if hcjit, sm h Jis felt, and is left until a 
steady state is niueluMl. Tliis may takt* from twenty minutes 
to half an hour. The four theriiiometers are re-id from time 
to time in order to see whether the temiK*ratures recorded 
are steady. The final temiierature.s ns-orded will dejKuid 
on the rati‘ at whirh water i> flowin;^ tluoiii^di the coil. To 
secure a reasonably lar;re tliHirenee between the tem{K*ra- 
tures T 3 and it is be>t to have a rather ftlo\v stream ; in 



faet little more than a ' kle nf water .diould issue the 

coil. TIu; (luantity of water t!owin»f tliroii^di the coil {ver 
second must be determined by eolleeling the water that i>Mief 
ill a ^iveii time ^two or three ininiite>), aial either wviixhin^ it 
or measuring tlie volume in a paduated \essel. In this way 
is found tlie iiumK'r of grams, /u, of water [‘a>sing through the 
coil in / secomls. The tein|»eratiiro this inas> oi water has 
been raist*d from Tj to T , that tlu‘ water must liave absorln^d 
;//.(T{-1'^) units of heat from the luir. As.xuniing that no 
lieat has been lost fnun the sides o! llie bar, we may write loi 
in the definition of the loetlieient of thermal eou- 
diictivity «i(T.{ - ^ 

The area of cross-section of the l»ar cun be found by 
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mcaauriiig the ilianieU r with the vernier aail taking 

A»irH where r is the nulius of the circular i*ix» .'i-neotinn* 
Tlie temperature slope can l)e found from the teiii|>eratua‘H 
ami Tg, and the distance d betwi^n the two iMiiuts 1> and K, 
Thus all the quantities neccssjiry for the deUn'mination of K 
can be found. 


COEFFICIENT OF THERMAL CONDUCTIVITY OF A BAD 
CONDUCTOR IN THE FORM OF A PLATE 

In the case of a had conductor of heat, the tliirkness of the slab 
of iiiaterial to be o\aiiiiiit.\l mii^t ho small. The thermal con- 
ductivity of a sheet of curdl)Ojird may bo «letcrmiiUMl by means of 
an apparatus similar in princl]«le to that used jn the researehes of 
Professor (J. 11. Lees. 

L\rT. 170, Determination of the Coefficient of Thermal 
Conductivity of a Bad Conductor such as Cardbodtd. - 

Die material is in the form of a thin eireular plate. One 
fhee of the pi.iir iii aii-.l h\ hring pla« <nl in contact \%itli a 



Fi'.. 1^4.— rii-nnal f:oii‘Iuctivity of CarllxiartL 


nietal chamher B (I’ig, IM\ through wliioha current of steam 
Is passed. 1’liu other face of the plate is in eontiict with 
a circular disk C of metal. All the ineUl surfaces arc nickel- 
plated. Theriiiometers 1> and E are inserted in holes iu the 
chamb*-T B and the disk C. 

The apparatus is left until a steady state is attained, and 
then the readings of the thermometers are recorded. 

It is assumed that the temperatures T^ and I ^ indicated by the 
thermometers represent the ieintieratures of the two faces of the 
cardboard plate. Tlie thickness of the cardboard being known, the 
temperature slope can then be calculated. The area through which 
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flu* IhmJ. I'ows i.s to lif* tlic ;uva of 1 )h‘ fare of tljo rani, wliich 

fjiin 1)0 r;il(:uliit(‘<l from the diamoU r of the cirrle. 

It now mn/iiiiH t«> detennine the rate of flow of heat 
througli the canl. For thi« a wparate exiH^riment is necessary. 
When the sU^ady state is reached in the first ex|ieriment the 
rate of flow of lieat tlirough the wird must Ixs exactly CH|iial to 
the rale at which lieat is lost from the surface of the disk C 
by convection and radiatirm. For wh^ui the teiniierature has 
Iktoijic stationary tlicre can Im.* no ac<‘umuIation of lieat going 
on in the disk, and the heat gained ]»y tlie diftk iini>t lx; equal 
to the heat lost. Consequently, if we r.ui determine the rate 
at which lH*at is lo>t, we know the rate at which heat is flow- 
ing tiirough th«* curd. 

The heating <*liami»er Pi is removed, and the di>k C, with 
tljc cardboard in contact with one face, is siij»]»orted >o tliat 
transferemr of h«-at by ennducti«*n is a minimum. This is 
s<nm‘time^ done by .^ii-'jiending the di-k )*y >tring>, but it may 
be more convonient t<» pl.ici* the cardboard on a >u|>}K>rt, .such 
iis a block of w'ootl, whi«*h i.s a bad conductor of lieat. 

Tin* di^k is tlu Ti li«*at«*d by tho tlaim; of a r»unM„‘n burner 
till its ti'iiipciMtuii* is r»r <> dt gn‘*-s higher th.in the steady 
temperature 1’.,. It is then allo\ve<l t«) e'»ol until its tem- 
‘ perature has fallen from thi^ tem|H*raturc, T . to a temj»erature 
tlie .same number of degrees below* T.. ami tin* time ( 
t.dviai in c(»oling is noted carefully. 

'riie heat l(»st in cooling is "MStT -T,\ when M is the mass 
of the disk and S the specilic he.it of the metal. l\>n>i*qucutly the 
rate at which heat is lo'.t is -T.^ f. Assuming' tliat this 

is e(pial to t in tlie formula for thermal conductivity, we have 
all the ilabi liccessary for the calculation of the latter quantity. 

COEFFICIENT OF THERMAL CONDUCTIVITY OF A BAD 
CONDUCTOR IN THE FORM OF A TUBE 

The Coeflicient (»f Tlicrmal CVindiictivity i>f a bad conductor of 
heat ill thesha[>c of a tulx' can be dett'rmincil by ]^a>.Ning a current 
of sti*am through the tube, or through a jacket surrounding the 

* Tliis aNsnmptiou U not .striotly accurate, for when llio healer is rtunovwi 
aoine heat is Iroiii tlie Ui.sk l»y etuiiluetioii throuijh the eariil»<'aril. It wouUl 
he more correet to (leteriiiiiie the rate of loss of hi'at from the disk wlieii the 
heater i.s in jiosition, hut at. the stimf tempfrtftvrf aji the ifijcA*, so that there is no 
H!o]ie of leinperature in the oanllvaartl. It is not ditlioult to rvaliso this couditiou 
in practiec, at least in an approx iiiialc f;ishiou. 
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tube, and meaftaring the quantity of heat transmit^! tlirongh the 
walls of the tube by the ordinary meUiods of calorimetry. 

First Form of Apparatua — Steam is |)as8ed thmiffh the tube. 
The tul)e may be immersetl in a known nnusa of water in a oilori- 
meter and the rise of teuqierature of the water in a certain time 
may be observed. 

Expt. 177. Determination of the Coefficient of Thennal 
Conductivity of a Poor Conductor in the Form of a Tube.-^ 

In the t*aso of a rublier tid)e a calorimeter of fairly 

large Ciquioity (300 or bOO c.c.) as to allo\^ a coiisidemble 
length of tlie tui'ing to U? ooiltMl up inside it. Weigh the 
inner vesstd (d the calorimeter ami till it about twt)‘thirils full 
of water. Weigh tlie vessel thus tille<l in onler to tind thi‘ 
weight of the water. Take the temperature, '1\, of tlie water, 
which may conveniently U‘ U low tlial of th<f pmuii to start 
with. Coil up the ruldK-r tuU* in the water, allowing iKjth 
tMids to project snnu* di>iaiiee out of the calorimeter.^ The 
rublx'r tul>e mu>t tlieii U* conniM-tetl to tht‘ nozzle of a steam 
generator, so that a >te.ely current of .steam can Iw passed 
tlip/ugh it. The r>tlier I'lid may dip into a tin can to catch 
any drippings from the euiiib‘ii.MMl steam. 

Allow the steam to |ki>s thoMigh tlie lube for an observed 
time, until the temperature of the water has risen 
I 1 3^ or 20* C. Note tlie lime during which the 
[ >teara has J>a^^ed, and also the hna! tempeiuture, 

; 'r of the water. 

2irr^ The length of tuln* immersed in the water' 
I must lx; mciisured, and f»u’ this jmrpose it is con- 
I venient to Imve* two marks rmule on the tiilx* at 
j the ^idints where it enters and leaves tin; water 
in the calorimeter. Let the length Immersed be 
* I cm. Measure al.so the internal and the ex- 

^ from radius of the IuIh;. Let these be ?’j and 

Tube. resjaictivi-ly. Then the thickness of the 

wall of the tnl)e is cm. If we imagine 

the tube slit ois.-n by a cut |iaraljel to its axis (Fig. LSS), 
it will aiiproxiinately correspond to a slab of material of thick- 
ness ?2 “ rj. 

The area through which the liejit flow.s may lx; taken a])proxi- 
mately as the mean of the areas of the two fiices of the slab, that is 

A = J(2xrrjf + 2rr./; 2irff, 

where J (r^ d-r^) is the 7/i€o?i rarliiis of the tube. 
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The tempejrature on the outside of the tube is not constnnt, but 
we take the moan of the initial and final temperatures in calculate 
ing the tetn])crature gradient. The tem^ierature of the inside of 
the tube may bo taken as ~ 100** C. Thus the temperature 
gradient is 

T,-T 

r, /•/ 

where T--J(T 2 + T.j) \i the tenipeniturc outside the tuU^. 

The only other <|uantity retjuirwi is the quantity of heat tlowing 
through the wall of the tuln* in time f. As the heat to raise 
the t<un|)t‘rature of tlie calorimeter and its cont<-nts from to T,. it 
ean l>e calculated easily. Thus all the (juantities requirt*d for the 
determination of the ciMdlicient of thermal conductivity can be 
obtaitUMl, and the e(K*flicient ean c«ilculated from the equation^ 
deduced from the delinition on p. .‘iOG. 



Second Form of Apparatus.-- If tlio tnlx* is not flexible, as 
iq the ease of a glass tuU', it.s tliermal eoniluetivity may l>c deter- 
mined in the following manner : — A .^lou stream of water is jiassed 
through the lul)e, the stnnim l»eiug maintained steady by iL^e of a 
Mariotte’s Hottle. Tlu* tube is iiielim‘d slightly so that it is always 
frill of W'ater while the exj»eriment is in jirogress ; it is enclosed in 
a steam jacket through whh h sU'am is i»a.ssing (Fig. 166). 

Kxpt. 178. Determination of the Coefficient of Thermal 
Conductivity of a Poor Conductor inl^he Form of a Tube.— 

As the water enters the tuK' its tit floir tenq»erature Tj is taken. 
As the water flows through the tuln.', it n.Hxdves^ heat by 
conduction through the tulv walls, its tem|>erdture rising to T., 
by the time it has tlowed through the jacketed j^xirt of the 
tube. This outflow tenqH.*mture is taken, and the emerging 
water in ool looted in a niea-suring cylinder. The mass of water 

' A more accurate forinula, obtained by coiisidoriug the tlow of heat through 
the wall of a hollow cylinder, gives 

K- - 

W - i {T.,+'T5K; 
h'K.* ra^'r, 

When the tube is thin, so that - r, is small compared with r| or thie 
«educes to the form above. 
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llowin^ through the tul»o in a ciTtain tiino is noloil ; tliis 
iutrrval of liiuo shouhl U) such that at h'ast .‘h)0 c.c. of water 
arc collcctiil iu a measuring gla^^ the mass heing ralmlatctl 
on the asMnii[»lit»ii that the tleiisiiy iN unity. If tlie ina>s <'f 
Water llowing tlnvmgh tlio tul»e in f seiomls 1m‘ M gm., the 
«|uautity of heat Q contluctc«l tliiough tlie wall.> of the tube iit 
tliis time is MiT„ - T > i‘ah«rics. 



I 

I 

{ 


" V 



' 1. '• <<r! '» 



I /xtr 


Tj'.. I'*. Th* r:i. »1 (*oii Iv.o* \ ity <»f (li is* Tiilif. 


Tile 1* m 1 t}n‘ tuhe l»el\SM*h the t nf the .steam 

ja<*kt‘t i-' liiea'Ure^lj arel aKo the iiitein,»l and external radii of 
the tube, l.et the-.* li.- /, and re.sj.cct i\ ely. 

'J’lieii the a\erage area t}ji«»ugli whieh tlie Iicat lluws is ‘Jr/7. 

\Nhere r ^ -r r.,) J. 

Tlie avi-rage teiu|.«*ratHre thn.ugli tlie tui»c in 


Hence 1 * 

Mrr. - T,) - KL'7r,/p‘^^ ■ TJ/. 

All these quantities can ]»e mea.sured or oh.<erved except K, licnco 
K can ]/e calculated. 


* If the nior*' ;>f*'urate eu’e'ttion is u-fil 


hJn-/aOO-T)/ 

H.rjrr- 
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l. OkFINITIoN and OlThKMIN \TI0N < »F TIIK KCIIANK AL 
Iv^riVALKNT OK ilKAT 

It was proved liy l>r. .1. W .Ionic ( that when lieat 

w.'is })rodncod l»y llu' exjienditure of merhaniral energy, for 
every unit of heat ])rodno<Ml a detinitc nuinher of units of work 
had to he d»)ne. 'fliis nuinher is railed the mechanical equiva- 
lent of heat. Tims, in onler to j>ro<luee i»ne oah>rie ^gram- 
degrec centigrade), 4-2 x ergs or 1-2 j«»ules t»f work are 
rccjuircd. In C.G.S. units, u>ing the centigrade scale t»f 
temiH'rature, the mechanical eijuivalent uf heat is 4-2 \ 1“” ergs 
per calorie. 

j^xer. 179. Determination of the Mechanical Equivalent 
of Heat by the Fall of Mercury in a Tube.— A wide ghuss 
tu]>e about a metre in lenglli ami to 4 cm. in diameter is 
sealeil at oii«' eial ainl }»n»vided at the other with a well-litting 
ruhlnM- c(U'k thnaigh which j»a>'ies a .M“n>itive therinoiucter. 
About r»0 c.c. of mercury is introdueeil into the tul>o and the 
cork is tixed securely in ]>o>ition. The tuln* is grasped tirinly 
at its centre and held vertically so that the lower end iVNts 
level with a table. The tube is then invcrttal quickly so that 
the upper end now oeeupies the ]H».Mtion formerly occu}»icd by 
the lower cml. 'fiiis means that the tube must Ih' rotated 
about a hori/onUil axis llirough the middle of its length. 
During tlie rotation the mereury remains at tlie end (*f the 
tube, but when the tuK* hecoiiios vertical the mereury falls 
from one end of the lube to the other. 
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The work done in lifting the mercury is converted int<» kinetic 
energy during the fall, and this is converted into heat when the 
mercury conies to rest at the iHtttoni of the tuliC; In order ti» 
secure an appreciable rise of teuipeniturc, the operation must 
be Repeated al)OUt 50 times. 

Let tn ~ mass of mercury in the tula', 

s - sjx‘cific heat of mercury, 

~ liiuil temperature, 
initial tennH?ratnre. 


S«j we ha\(’ J 


Then assuming that no heat is lost, the total amount of heat 
produced li ^ ^ J. 

Ia»t h vertital distance through ^\!nch tin* centre of gravity 

of the uiercury falls when the tube is invcrtetl (i»ote that lliis is 
Hot the length of tlie gla» tuU*), w -tlie nuinUn* of times the 
ojieration is carried out. 

Then the tfieclianical energy \\hi« h disiipjitsirs is K- - ////c/A. 

1 % n nt‘jh Hifh 

11 

From this result .loub ’s equivalent can 1 k‘ calculated. 

Note that the Nahie of J is indejMMulent of the mass c»f mercury 
Used* In an iu'tual cxju riiiicnt a \<'ry small quantity of nuTcnry 
must not 1 m.* U'^^d, othciwisi* the ln*at n^ed in N\anning the tuU» 
would 1 h* appreciable in comparison with that used in warming 
the mercurv. A lex> accurate metlMHl, atti-nded with less risk of 
breaking the theriiioiurler, to us 4 * a solid ccirk, and to take tin- 
temperature of the mercury in a small l^eaker l>efore and aft« r the 
o|>emtions. 


PRODUCTION OF HEAT BY FRICTION BETWEEN 
METAL CONES 

The following inetluMl of determining the nicclianieal equivalent 
of lieat by the friction Ixdween two metal cones is an ada[»t<ition 
of one cini*loyed by Joule. 

Two ineLil cones, D and £ (Fig. 1H7), are provided which fit 
closely one within the other. The outer cone is forced to rotate 
by attaching it to a vertical spindle driven by a flywheel turned 
by hand. The inner cone is prevented from rotating. Consefpieiitly 
friction takes place lietween the surfaces in contmjt, and the heat 
produced goes to hwit the cones and any Ihiuid (usually water, 
sometimes mercury) that may lie placed in the inner cone. 

The amount of heat produced is determined from a knowledge 
of the water equivalent and the rise of teiiqierature. 
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The amount of nteclmnloal work expended can t)c estimated Ly 
applying a inciisumbie torque to the inner cone in order to prevent 
it from rotating, and by counting the jminl^er of revolutions 
made by the outer cone. A is a circular wooden disk which rests 
upon the inner cone, to which it is atLvehed by two stearly-pins. 
A leaden weiglit B is placed on tlie top of it to hold it in [xisition. 
A string iittache<l to the circumference of the disk jiasses over 
a pulley and is kept stret<!lie<l by a known weight M (100 to 200 
gm.) fastein‘<l to its other end. When the outer cone is rotated 
the inner cone tends to move with it, btit it is laevcnted by the 



moment of the force tine to the tension T in the string. 
stn'uff must atuHtys ha tanijendul to tlie cirat/n/rratict oj the icoodtn 
disk whan the ajijHuyitus is in use. 

Let Ji Ikj the radius of the tlisk, and r the mean nuliiis of 
the surfjm* of conhiet of the eones. Then if F repivsent a mean 
value of the friction between the cones, 

Fr-TR 

where M is the nuiss of the sus|>ended lotul. 

The work done in one n* volution of the outer cone, when the 
inner one is at rest, is W ~ F2?rr. Consequently the work done in 
n revolutions^ 27r//F/*. 

Although the values of F ami r se|mnitely cannot Ik* determined 
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jiccumtoly, tiu* valiu* of Fr ran Iw fiaiiul l‘o»m tlu* Imh ai'«.\c 

Sub'itiUiting this \aIuo \no liiul lor tin* woik ilour 

W Jr/iM.yi;. 

f 'onseqiU'otly tlu* nurhaiii'a! work o.in lu- I'alrulalcd in 

Exrr. ISO. Detertaiination of tho Mechanical Equivalent 
of Heat by the Friction between two Metal Cones.- In 
carrying out tho oxiH*riinont, it is ossontial that tlio IViotioii 
betwoou tho oones Mjoultl U* suitahlo in annmnt. (>th«*r\viso 
it will 1)0 iinpos^ihlo to ktrp tho lo.nl at a Jixod lovol. A 
single tlroj) (»f hiluh-ating oil is usually sullioioiit to |*lac'c 
Iw-'twoon tin* iniu r aiul tin* outt r oono. If tho ooiios an* not 
luhrioatod th»‘ siirla^^’s in oont.n t will ‘M-i/t-.^ 

Tho adju^tin* lit of tin* aiiiount of lulu icant should ho 
inailo Ih'ioro Kginning tho actual o\|Mrinh‘iit, lln* appai.itus 
boing d by tun.iiij: tht* dii\ing whn 1 s.. to st*r wln-llirr 
tin* loatl <Mn bo inaint.iinrd a|>|>roMinat«'l\ at a lixod lo\ol, 
whibt tfirnii.L' at a : oa -jM'vtl. 

♦ NSoigli tin* two 4'. t*.grlh»r whm « niolv. and also wlani 
the iniivr con** i-. about two-tiiud^ lull i*t watrr. TIn n 
r<‘}»ia<>* tin' rojit'> in th»- ajipaiMtUs and intoMlurr a M*nsiti\r 
thvrmonirt* ! t'» dri* rusiin* ili.- ’mijifi.itun'. If cair b.* takni 
tin* tljornioni.'t.T it-*b ina\ bo jiv.,i .i -.tirror. Sonniinn > 

tin* t li'-rui' -iinjl.-r i' it* 1 i iii a 't.md ai d a •^liiivr is 

Olll}»lo\.d. 

it i" important to ali«.w for ,n,y ]o-- or gain of Imat dun 
to raili/ition, Jn oj.l.-r to .jo rids, i.-adings of tin* t'-nipfratun* 
should }« tak* n at int*i\ab «»l I minutt* ford ndnuir.-> bnfon- 
tin* a* tu.i! • \p«-riua*ut roiunifin'. s. 'fhori ih** flywln*i*l slnadd 
bo »t ill rotation tin* i-Mpiinal numbrr of n*\4>lulion.s 

imuh*. I’ll*- numb**! is imlirait-d by tin* nouuting iinnhaiii.sm 
C g* an d to th*' iot.it inur -pin*!!**. 'I’o obtain a ri.a* iif tompnra- 
turo that ran U* in* a.sun'<l with loasonablo acc uracy a largo 
numliorof lovolution.s must bo imuh* : dOO or 1 000 rovoliitioiis 
may 1x3 ncooss^ry. Tho timo this takors must bo noted. 
Wiion tliis opf*ration is cfiinplotMl, tho tom)M*ratun* must bo 
n*a4l, ami readings of tin; thorinonn*tor taken again at intervals 
of 1 minute* for d minuti-s. From tho n*adings boforo and 
aft<*r tho rnte ipf t'hn»t\v ttf ft- mfn rnf n rr oaii bo found, 

and knowing the timo tho exporinioni lasted, the aotual ohango 
(luring this period can be; caloidatoel. This ohango must In* 
taken into aooount in o.stiiiiating tho ri.so of tomporaturo 
]»roduc<*<l ])y the friction between the cones. 



rn. V 


Till*: MKCHAMCAL KglJIVALKXT OF HKAT 


377 


(’aliMil ti* tin* iuiiiiIhm* (ii of froim tlif wator 

lit atid tin* 1 i.a- o| «•. the: fliaUKrti r 

tin* wmimI.-ii di.sk with a paii* <tf atul c*alrulat<i tlio 

\\«>ik from tin: i\j»rr'"iMii \V= Tin* iiMMiiaiiirai 

I lit slamlrl 1 m; c x|»n-.-M <l l>oth in Jmt caloric and al.v-» 

in joid<'^ |K.T calori<‘. 

CALLENDAR’S APPARATUS FOR THE MECHANICAL 
EQUIVALENT OF HEAT 

In iliis form of apparatus the water is contained 

in a hollow drum which is rotated hy an electro motor or by 



Ft* . Anam; nf Can«*nuai s 

((■;irnl*i >n« lililu* lii»; iuiii<'iit i '>\) lus. 

haml. Over the drum jias.scs a l>ral<e-hand nf silkd consisting of 
ihnat ribbons. The two outer ribbons are woumi oiiee round 
the drum ami at one end carry a mass V (hig- of several 

(3 to T)) hgin. ddie other ends of thes(» ribbons are fastened to 

' 'rill* sMIv Im U n.u.st 1»i’ cUmh and dry, ainl 1 h* })ut a^\ay in a paper 
unijiprr \v1ii>n t)if a]>paralus is not in um'. 
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an ivory or vulcanite bar, to which the midillo riblwn is also 
attached This ribbon also passes over the drum, lying between 
the other ribbons and in continuation of them. It carries a 
yoke S at its other end, and from this yoke is suspended a 
small mass B|i»alK>ut 300 to 400 gm. From the lower end of 
the foke posses a spring-balance which hton^ from the frame of 
the apparatus at C ; this spring acts upwanls on the mass B and 
supports B to some extent during the cxjHTiment : its "ketion 
is to steady the working of the apjKiratns. 

Suppose the drum io be rotating in the direction of the 
arrow ; A is raised by the friction of the band, and B is depressed. 
The diffen‘nci; in tension between the emls of tlio Iwiml is etjual 
to the force of frictioii lietween the band and th*i drum. Now 
the force of frietTon round a drum or lixed pulley de|Hm<Is on 
the tension at the free end ise** ]>. 91); if tin* wei^ilit of B 
were adjusted can-fully, it >^ould be |^os^ible for B to keep A 
lialanced exactly when the drum was rotating at a centain speed. 
If, however, B were iiot a<lju>ted exaetly to tlii.^ value, the band 
would move* slowly either in tin* >;ime direction as the drum or 
against tlio motion of the drum, according as B were greater or 
less than tiiis spc*cial value. The slightest alteration of the 
cotdlicicnt of friction, due to rise of temperature, alteration of 
speed,' O'* ‘^”y oth<*r caust*, w<iuld reipiire a readjustment of B, 
or if the angle of c<mtact bctwL<*n the bmke-band and the drum 
Avere altered througli slight oscillation of either end, the band 
wa)uld begin to im)ve in one direction or the other. 

The adjustment of B would be troublesome if the spring- 
balance were not used, and rea<ljustment would be nccessjiry at 
frequent intervals in the experiment. The spring avoids all 
tin's troublesome a<ljustment in the following way : If, at any 
moment the force of friction is too large, B begins to move 
downwards, its weight is Urns thrown on the spring to some 
extent, and the cord, being relea.scd from this jwirt of the weight 
of B, exerts a smaller frictional force on the drum and the 

' The force of friction between Kolid surfaces is nearly, but not quite, 
independeut of their relative velocity. 
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downward motion of B is arrcsiei]. Diminution in the force 
of friction cauaea B to rise ; its weight is then taken by tie cord 
more completely and the friction increases accordingly, the 
motion of the cord Iiciiig again stopped. The arrangement of a 
brake-band rouml a drum is called a Dynamometer. 

The foi-co of friction is espial to T-T<^ where T ii^tlie 
weight of A, and is the difference )>ctwe«ni the weight of B 
and the force cxcrtal by the spring: all these nrt 

meiisuml in dynes. 

The work done is e^uid the prr^'luct of the fnViiorialcotiple 
cxerte<l on the drum, ^nd the aiigh* in nvlian?^ through which 
the drum revolves: thu-* in /< re\«iIutions th** work done in 
‘Jrfi(T~T^) H, where \l is the radium nf the drum. 

The numlK?!* of n vjilutiurirf is detemijnetT hv means (if a 
revolution counter mounted on the axle of the drum. 

The heat generated in any given nuinher of revolutioii.s is 
detcrmine«l hy the rise of temjKuaturc of the water, imiltipHed 
by the thermal e<juivalcnt of the drum and cuntents. To avoid 
Jos.s of heat from the diiini by eonduciion, and also to give a 
definite value to the thermal e«|ui valent of the drum, it is 
inounte<I at six points on its circumference on ivory or vulcanite 
studs, by means of which it is attached to the driving disk and 
spindle. The drum has a hole in the centre of its end plate, 
into which the thermometer is inserted and through which the 
water is introduced. The drum is half-filled with water before 
the experiment, the mass of water used, w gm., being determined 
before introducing it into the drum. As the drum revolves, 
the w'ater gmdually ac<juires a motion of rotation and rotates 
with the drum, being prevented from e.seaping from the drum 
by centripetal force, which keeps it in contact with the rim. 

The thermometer is of a special design, being bent so that its 
bulb lies near the rim of the drum and inside the drum, while 
the graduated stem projects from the hole at the oontro, and is 
clamped as shown in Fig. 188. The water swirls past the bulb, 
and its temi)eraturc is registered on the thermometer, the 
rotary motion ensuring thoroitgh mixing and consequent uni- 
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forniity of tt*nn>t*rjituro throughout tho li(|uul. thonnoinotcr, 
being fixed, enables ttunporatures to be taken at any instant 
during the experiment, ami it is possible therefore to plot a 
temperature -lime curve if desiretl, and to correct the final 
temperature for radiation losses by means of this curve (p. IM9). 
The%ater equivalent of the drum can lu* d«‘ierniiiH‘d from its 
nuass m and its s[)eeifie heal . . 

From the w<»rk dorn* and thi‘ ]n‘at geiitMau d, tlie mechanical 
equivalent of ht*at d <]et» rmim‘d hy tlu‘ equation 

W-.III. 


is tlie woik 4lom‘ ainl i> gi\t‘n by -r:// ( 1* - IL 
His the h»*at generated ami is espial to (</• -f /// n) 

0 ^ being the initial aiel o, tin- tinal tt niperaturt' of the water 
in the drum, 

Kxit. b'>l. Determination of the Mechanical Equivalent 
of Heat hy Callendar’s Apparatus. The apparatus is set up 
to be 4ln\en either b\ liaial or by motor. Jdghtly ]»o]i>h the 
ilrum ^^ith a (T-an du'-ter aid a little Kn-neli chalk. A«Ijust 
tile brake-band' fOi r tie- drum a.^ ,>lio\\n diai:raminati4'.illy in 
Fi*-r, l^*.b plaeiiig a ti\e-kil»»gr;imnie NseiLrht on tlie eml A and 
a mass of loo gm. on lb the spring-b.ilann* iM-ing lixa-d to the 
frame of tin- appiintlU'* at (\ 

MeaNiire an aimnint <jf wat^-r ''Uniei» nt to fill the drum nearly 
U[> to tin.' holf at tin- centre — l»rt\\«-* n .‘»00 .nul oOO c.r. will lu* 
requircil ; hi the of tliis be it' gin. !ntn)duec tin- water 

into the dniiii. 

I'laee tin- tliei moinetcr bulb in tin- interior of the drum, 
claiiijdng tlie th'-rmometer in the, clamp prosid^-il ua fin* 
aj»paratus .>o that tin; stem projects along tlie axis of the 
<lrum. Care inii't In; u^ed in in>erting the Imlb, as the 
therinometer is fractured ea-Hily at tin; l»einls. 

Start the motor ainl a<Iju't its sjM-ed or tlie masses A r>r 
11 until tin; bainl is .stationary w'lien tin* dnun n)tat(;s. Care 
iiiu.^t Ik; taken that tin; yoke is not tom hing the frame of the 
instrument, ami that the irnlex of tin* spring-balani*e is wc*ll 
away fnuii both end.s of the .scale. When tliese a< Ij list men t.s 
have b(;en iiimli* the motor is .stopjKid am I the wati;r allo\vi*d 
to come to rest. Take readings of tin; water temperature 0^, 
and of the revolution counter. 
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To cjirry out the ex|ieririieiit iirojxjr, Hhirt tho motor and 
rfjul the* tJUUjMuature of tlie water ev»:ry fifty or one hundred 
revolutions of the driun. ih*ad the tension of th** s\*rinii- 
halalire In’tweM ii every |».tir of tetii|X‘rature n^udiie^s V* 

gi‘t the mean foree iM-ited hy the during: tlnit of 

the ri*'*' of t. iujH'r.ituiv. Not-* a!-^* the tdm* i*v the 

ex|H*rinieiit. 

After loOM n\olut;‘ti:-> -oine ruler 



Fn.. Callrn«lai’> A|'{>ai:it;.> liv Mot^’r. 

e ’-iinJii SnvniiSir Iii>tium«MiV i <i.) 


slop tlie, motor and take the tomiH*raturo 0., when tlie water 
lias eonui to re^t. The aj^paratus is then left for the same 
Jen^tli of time as that taken fi»r the e.\j»eriineut, and the fall 
of temperature during this ]K*riud is noted ; let this he ed. 

The mejin exceas of temtK*r.iture over the surroimdings during the 
eyjieriment is half the liual e!!teess, aiul therefore the mean rate of 
loss of lieat during the experiment would he half the rate at the end 
of the ex}>erimeiit. Tlie corivetiou for radiation during the oxjieri- 
ment is therefore made hy adding dO^'2 to the ohsorved rise of 
teini»erature, and we have 
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where H is the Heat generated during the expriineut 

In^his expression ?/i is the imss of the drum, and * the a|)eciSc 
heat of the material of the drum (ustially brass) : iu is usually 
stain|)ed on the end of the drum by the maker. 

To calculate the work done it is necessi\r\ to measure the 
radius of the drum ; let this l>o R. Then tla* »‘ort>* of friction is 
given by the dirfeivnce in teiiMon K’twiM^n the ends of the cord. 
Let the mean ivading of the spring hdanee U' (‘ then tlie 
tension T., at the end uf the band curryiiig the weight B is 
gm, weight. 

At tile other ♦•nd the teii-iuu T i> equal tu A gm. weight, and 
• the friction foree is giv»*n l.\ 

F - iT - 'r^,) dyia‘< ; A - ( i» - i") \ r/ ilynes. 

ThU foree is exerted the peripheiy of the drum, and tlic 

couple due t«» frietion 

Fli duie em., 

the work d<»ne in revolution.^ bt uig eqn.il to 
W -Jtirn FR . rgs. 

Calculate tlie heat generated H and tlie work 4loni‘ W in 
the numl»er of revolutions taken, ami ealeiilale the mechanical 
equivalent of Heat ^ from lie; equation 

W-JIL 
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); I. Ukhnitioxs 

Tiie Hygrrometric State or Relative Humidity of the air can 
be clcfine^I a.s the percentage or fractional saturation of the 
air. At any t€m|K;ratnre t a certain maximum amount of 
aqueous vaj)our can exist in the air ; this corresponds with the 
Saturation Vapour Pressure, F, of water vapour at that- 
temperature. 

^ The actual quantity of vaiwur present is rarely equal to this 
maximum, the acjueous va]MJur actually present corresponding 
wdth a saturation pressure / which is iismilly eonsidenibly less 
than F. The mass of iupieous va|)Our present is proportional to 
/, and consequently the fractional saturation can be expressed 
as /,'F or as a percentage ])y f ’V x IdO. * 

The aqueous vapour present in the air would be sufficient to 
saturate the air at a certain temperature If the air is cooled 
down loailbj to* this tempdhiture dew will he deposited on 
any flat surface exposed to this cooled air: the temperature 
is called the dew point 

To a very close degree of approximation, the saturation 
vapour pressure (S.V.1\) at the dew j)oint may he taken Jis, 
equal to the pressure of the vapour jictually present in the air. 
Thus if we ciin determine the dew point, we can obtain the 
hygrometric state of tlm air, for the satunitioii vajK)ur pressure 
of waWr va|K)ur at any temperature can be obUuned from 
tables (Appemlijrf'p. 598), uiul the 
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Hygromctric state 


/ 

F 


S.V.P. ill the ilew 
S.V.P. at tin* air ttMnpcmtiire* 


2. MKHinns ov ukthumininu tiik 1>i:w Point. 

llYGKoMKTr.ll'i 

The inethixl of ntoling the air Itvally is to eool ihiwn a hrij^hi 
metallic siirfa<v. tit w «|i (»n tlil.-s hriiirlit suifjuT 

assumo a tliili a]*|‘*araiui\ .uni with |»r.u ii. «*a \rrv tr.nf »if 

ilow' can l>o Jt‘ the t*in|»er.iliire r*t the >iirf.n‘»* \< tlien 

takt^n, this teiiiji.ratitri* will l»e th** <I»‘W' Any apparatiih 

iIt*^igra‘d f'H* tliis is ealled a Hygi^omotor. 


DANIELUS HYGROMETER 


Daniell'N ll\ ::p'na't*r i> '*h'*wn In ItM. In tlii,', Ifn*ni tlir 
inetallir >urt’at'v a r«»uinl lh»‘ lower ^rlass hull) A. 



jn'>iile till'' l»ull) i.'. a theniioineter 
the >t*'in of whieli j»as>r^ n)» the 
tulM- eonniM tin^ thi'* l»nll» with the 
.veeuiel }»nli) 1> on the other ot 
the -«tan»l. 'I'll* two anil tin* 

eniiiaM tih;^ tnl*r eniilaiii ether anil 
t tiler \a|»onr «>iily. 

Ity |*omin,L^ ether on the elotli 
Mil naiiaiinL' tia* np|»er and 

e.i5l>in;^ it to evaporate rapiill\, 
tin- hnlh is eooh-d. . 'i'he litlier 
\aponr iii'-'iih* 1 la* )»nll> i< ei»iMleiisei|, 
and its plaeti taken |»y more 
Vapour W'hieh passes ov»t from tin; 
other hulh. ( ’ondeiiNation is eon- 


tinued in tlie ujjp»r hulli, and va}K»iir jiasses over from the 
lower hiilh to leplaee llie eond'*n>fd vapour, so that eontiiiuoiis 
eviiporalion goes mi in tlie lower hulh m» hnig as the upper is 
Ixjiiig Cfioled. 

The evajK>ratirMi iiisidfi tlie lower hulh eauses a steady fall of 
temperature in it, ami the gold hand tiiially cools to the tiew point. 
WJicn the first trm e of rlew is noticed, tlie temperature of the thermo- 
meter in-'ide the apparatus is taken and al-o the. tiunperatiire of 
the air of the room. Tsiially a second thermonieti.T is mounted on 
the stiind of the instrument for thi.s latter piirjiose. 

The first of thew^ temperatures is taken as tlie dew point, and the 
hygroinetric state is calculated from these oh.se r vat iont*. 
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The ap;paratus is not a good one. The thentfometer inside the^ 
apparatus is separated from the gold band by a mass of liquid at 
least 1 cm. thick, and then by a layer of glass of from 1 to 2 mm. 
thickness. The liquid is jiracticaliy and there, may be con* 
siderable variations of tempeniture in the lujuid itself ; the glass 
too is a l)ad conductor nf heat, and consequently the temiierature 
of the thermometer may Ini from VC. to 2'C. lielow the tempera- 
ture of the gold baml, tlie value obtained for the dew {>oint king 
wrong to the same extent. 

There are other idijections to this form of in.strumcnt ; the air 
all round it is charged with ether vapour and also the rate of 

cooling cannot Ik* regukted, ]H*itig determined by the rate of 

eva|K)mtioii of the ether on the cloth. 

Expt. 1H2. Determination of the Dew Point with 
Daniell's Hygrometer. — Head the tenqs^rature of the air in 
the nx>m by means f>f the tliermometer mounted on the stand 
of the instrument. INiur .scune ether on the muslin surrounding 
the upper bulb, and wat<*h the gold l>and for the tirst trace of 

a deposit of dew. If tb* surtaee is t<melu*d from time to 

time with the end of a long jia|K'r spill or a feather, the 
prest*nce of dew may l>e detected more easily. Immediately 
the dei*osit is noth eil read the temj>enituru of the thermometer 
inside the ap]»aratus. 

Find from the table (p. 598) the saturation ^Tipour 
pressure oorres|M)iHliug with these two tem})eratures, and 
cjilculato the relative humidity. 

REGNAULTS HYGROMETER ’ 

The form of hygrometer designed by Regnault, when constructed 
and used projKTly, avoids the disadvantages of DtinieU's Hygrometer. 
An ojHtti glass tulx* A is litti*d at its lower end with a silver cap B 
(Fig. 192). Ill this is placi*d sutlicient ether to till the silvered 
cap, and a thermometer dips into the etlier. By means of two tubes 
CD and EF fitted as shown, a current of air is aspinittnl through the 
ap|)aratus, the air bubbling through the li(juid and ^Missing out 
through the side tuK' O, Tlu» air lK*eomes eliarged with ether 
vapour as it bubbles through, and the rapid eYa}K>ration lowers the 
tompcTaturo of the liejuid. Tliis is in immediate contact with 
the silver cup and with the tliermometer, and is well stirred by 
tlie bul)bling air, conse<jnently the thermometer, the liquid, and 
the silver cap will all be at tlie same tenqieraturo. 

Dew forms on the silver cap as soon as the tem|)crature of the 
dew i)oint is reached, and the dew point can therefore be 

^ 2 0 
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■ dotemined very accimitcly by taking the temperature of the 
thormonieter when dew is first observed on tlio cap. 

183. Determination of the Dew Point with Be* 
gnault's Hygrometer. — Coimei t the short glass tulic to tho 

aspirator. The dew point should 
first \yi) dfdorminotlapproxiinately 
by using a rapid eurreiit of air. 
This caUM's ni[»id rotrling^ and 
the dew will not Ihj notieed until 
the toniperatuiv is slightly Ih*1ow 
the true dew point. If now the 
eiiiTeiit of air i' stop|«*tl, the 
wijolf apjwiratus will warm up 
.v/of//y aiul the tlew N\ili rlis- 

appear. The tenif»x*niture at 
^^hieh the dfw «li.sij*pears slmuM 
Ik! noted ; this will be much 
nearer the true dew point than 
tli(‘ vahie previously taken, hit 
K will be somewhat tf>o high. 

The aspirator is now set W’ork- 
iiig again so as to aspinite a \ory 
n1(»w eiirrent of air through the 
apparatus. J>y this means the 
temperature will be loweredagain 
but very slowly, and the appear- 
ance of dew’ will be noticed very 
Fi... IM.-li.-paull-, JljKrometer. ''Wn after the (lew Jioint is 

reached ; a more acc'urate value 
of tlie dew* |K»int will tlms be obtaincil. 

£y alternately Cfsiling the bulb and allowing it to warm up 
again in the manner descril>e<l, tem[K;raturcs will finally lie 
obt<iined for the ;ipj»earanee and disiippearaiice, whieli will not 
differ by mor»* than 0 2 of a dfjgree. Wlien this is tlie case 
the mean of lhe*.''e may lx; taken as the dew point. The 
thermomc‘ter in tlie tube K gives the temperature of the; room. 
Find from the table (p. 598; tin; saturation vajKuir pressure 
corresponding with the clewr point, ami also witli tlic tciriiiera- 
ture of the room, and deduce the relative liuinidity. 

XoTK. — In order to detect the smalhjst traxa; of dc>v it is 
convenient to use a long dry quill, or a spill of pa^xT formed 
by rolling uj# a half sheet of iiote-paix;r. Tliis slnmld lie held 
at one end, and the silver avp gently stroked at one point with 
the other end of the paper or quill. Any deposition of dew 
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can be detected in this way, as the moistened surface of the 
silver shows a higher polish where the paper has been strokerl 
along it. The liand must not approach within 20 cm. of the 
silver cap, and the apfsiratus should watched through a 
large pane of glass ; the experiment should not bo carried out 
near any place where a large surface of water is ex][K)6ed. 

instrument makers supply a coniphdo 
glass test-tul>e with a silver cap slipfx^d 011 the 
end SIS a Hegnault's Hygrometer. The ust* of 
such an apparatus rointroduces one of the main 
errors wliich Jhguault’s apparatus wms designed 
to avoid, l»y iilacing a hadly conducting medium 
between the silver cap and the tliermomcter. 

The end of the test-tube must lx? cut oti* with 
a file and the silver cup cemented to tin* tulx; so 
as to have the tulx; closed with a silver ciip in 
immediate contact with tlie ether. 

WET AND DRY BULB HYGROMETER 

Two thormometors are arranged on a stand ; 
one is exposed to tlie air, and the Lull) of the 
Oth(‘r is wrapiKjd round with a cloth that is ke}»t 
moist by dipping at its lower end into a small 
vessel of water (Fig. 193). The drier the air, 
the more rapidly will evaporation take place from 
the wet luilb and tlic lower will lx* its teiuix*i'a- 
turc. ]?y reading the two tein|H»ratures an esti- 
mate may be nia<lc of tlie hygronietric state, 
tables fur tlie reduclion of the readings Iiaviiig 'I!: 
been found by trial, using a J»ogiiault s Iiygroiiieter nj^O'rs. 
f<»r comparison. Such a table is irivcii 011 p. 3SS, 

'riie instruiiiciit, though used extensively by meteorologists, is 
not of direct scicutitic value. 

CALCULATION OF THE MASS OF AQUEOUS VAPOUR PER 
LITRE OF THE ATMOSPHERE 

A litre of hydrogen at X.T.P. would weigh 0 09 gm. 

At a pressure / mm. and a temperature its mass would be 

f 273 
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' Nov we liave aqueous vapour at a pressure / nun. when loeasurei 
at a temperature (the dew point). Aqueous vajtour is nine 
times as dense us hydre^n under similar conditions. Uence 4th 
mass of aqueous vapour present per litre is 




273 + /; 


It IS contciuleil soinetiiues that the iMpu 0U8 va|K)Ur is present at 
a pressure / min. at the tem|H.nittue t»f tJie air, in \\hieh c*i8t» /j in 
the atK)>e exp^e^^K»n should lie upLued h} / the air tem]ieruturo. 
Either method maj Ih' atloptt«l Itu the lalculutiun, the |K‘ieenta^e 
error, it cin\, »lue to iisin^ ntliei txpK^sum much less that 
tht |»cri'entas'e eiifir ot cxpuinunt in deteiminin^^ /. 

The lua-''* tif atjutous ^aponl pii litii ran l»e deteimined also 
hy (heinu il iinan^ h\ aspn itin^ i known \olunu ot aii through 
Wd^^httl di}injr tuK" and tinfiin^' the mass of lupieous \a[iour 
alisoxbtsl b\ these. 


Wft \sn I>i \ Bin Ihf.uoMhrm 

Thf hrst ^trtnal cohiinu guts th» t(in|uritui< of iho dr) Inlb thermo* 
Oictei lie iiist hoii/oiitai iUk ^ims th< tlidtittm Iniwicu tin two 
tlitmioiin ti p* lln nnuiiiiu^ tin h( tiial \ tpoiir pus*uro m 

litiii. at tin tiiin of ol si n ttioii Winn tin ui is bitunittd tUu ditrueiico 
bt tween the lliermounti r'» c* ro, iiid the Mioiid \ d toluiiiii gi\es the 
satuiatid \ap«ur pnssurt 
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PART IV 


ADDITIONAL EXERCISES IN HEAT 


1. Detcrtnino the fixed points of the thermometer provided, and use it to 
find the melting |)oint of tlie given solid. 

2. Determine the temperature of the room by means of an ungraduated 
thermometer, ice and steam. 

3. Standardise the given thermometer and use it to find at what temtiera- 
||ue the given subshince coagulates wlieu heateil. 

4. Find the mean coelficieut of ex^iansion of the given iitjuid between 

20® C. and 30* 0., and also between 30** C. and 40“ C, ^ 

5. Find the boiling ]»oint of a lupiid, and determine the change in the 
l)oiling [Kiint prodmxui by adding 10 {ler cent by weight of a solid. 

6. Find the density of water at 20^ C., 40' C., and OO’C., being ^ven the 

.coolficient of cubical extuiii'iion of gliih>. *** 

7. Find the density of the given liquid at 20* C., 40* C., and 60* C. by 
means of a hydrostatio balance. Determine whether the coelticient of ex- 
pansion between 20“ C. and 40' C. is the same as that between 40* C. and 60* CL 

8. Find the coeflicieiit of apparent exiNinsion of the given liquid, using a 
bulb of known volume to whieli is attached a tube of known diameter. 

9. Find the teuiperature coeilicient of increase of pn'ssure of air at constant 
volume between the melting point and the boiling point of water. 

10. Plot a graph showing how the pressure of the given volume of air 
varies with the teiiqierature as indicated by a mercury Uicrmometer. 

11. Find the water equivalent of tlie given calorimker. 

12. Find the thermal caj>acity of the given mass of metal. 

13. Find what would lie the water equivalent of a calorimeter, weighing 
160 grams, made of the given metal. 

14. Find the specific heat of a liquid, being given that of a solid which 
has no chemical action upon it. 

16. Find the spi^cifio heat of parafiin oil by adding ice. 

16. Find the specific heat of the given liquid by condensing steam in it. 
Latent heat of steam =640 calories per gram. Neglect lieat of dilution. 

1 7. Having been given a known weight of water in a calorimeter of known 
weight, condense steam in it, and find from thormonictric observations the 
weight of steam condensed, assuming the latent heat of steam to be 537 
calories per gram. 

. 18. Heat the given vessel of water over a Bunsen burner and find the 
time taken for the temperature to rise from 40* 0. to 80* 0. Now boil the 
water for a measured time, and deduce an approximate value for the latent 
heat of steam. 

MU 
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19. tlie rate.^ of cooling at a given temperature of the blackened 
and silveroa test-tubes when fiUetl with warm water. 

20. Plot a cooling curve for a calorimeter containing a known amount of 

water. Calculate the iiuiiiln'r of calories lost ]Kfr secotul when the tempera- 
ture of the calorimeter is 20* alwve that of its surroun^Uugs. V 

21. Find the mass of aqueous va|M>ur in 1 litre of air in the room. 

22. Determine the dew point b 3 ' two di(|ierent methods. 

23. Being given the coetfieient of thermal conductivity of the metal ban 
determine the tern j[>erature at the marked |M>int without using a thermometer 
at that ixjint. 

24. Detennine the coofllcient of thermal conductivity of a sheet of td^onite. 

25. Com^mre the coetlicients of thermal con<hictivity of ehonito and card- 
board. 

26. Find the cotilicicut of thermal ctmductivity of poKolaiii in the form 
of a tube- 



PART Y 

MAGNETISM 




CHAPTER 1 

FUNDAMENTAL PROPERTIES AND LAWS 

§ 1. Fundamental I'iioperties and Definitions 

Magnets are characterised by their power of attracting smaJl 
particles of iron, and by the property of setting in a defini^ 
direction when suspended so as to be able to turn freely. When 
a magnet can turn about a vertical axis, a certain direction fixed 
with regard to it becomes parallel 
^ to a direction fixed with regard 
to the earth. The first direction 
is that of the Magnetic Axis 
of the magnet, the second that 
of the Magnetic Meridian. A 
magnet of any shape usually be- 
haves as thougli forces of attrac- 
tion or repulsion originated from 
two [x>iiits or regions in its sub- 
stance, which mjiy be termed 
its poles. The pole which iioints 
towards the north is called the 
North (or north-seeking) Pole, 
the other the South (or south-seeking) Pole of the magnet. 
North polarity is usually taken as positive, South polarity as 
negative. Unlike poles (poles of opposite sign) attract^ like 
poles (poles of the same sign) repel one another. 

Definition of Unit Pole. — The unit magnetic pole is that pole 
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. which repels an equal and similar |)ole at a distance of 1 cm. 
from it| in air, with a force of 1 dyne. 

The strength of the magnetic field at any point is determined 
hy the force in dynes acting on a unit north pole placed at that 
point This is sometimes called the magnetic force ^ or the 
magnetle intensity at the {xnnt The latter expression is not 
to be recommended as it is liable to be confused with intensity 
of magnetisation. 

Note that magnetic force is a quantity of a difTercnt kind 


21 - 


froni a mechanical f«»rce ; it is measured, 
dynes, but in dynes per unit 
pole or gausses. 


The magnetic moment of a magnet 
^ ^ is the moment uf the couplo^required to 

hold the magnet with ils axis at right 
angles to a magnetic fieM of unit in- 
tensity. It is numerically equal to the product of the pole 
strength m and tlie dislaneo lx*tween the poles. 


F:«J. l'v*5.~nar and 


M = m X NS. 


$ 2. l^LOTTINti MaONKTK' FIKLDS 

A line of magnetic force is a line drawn in a magnetic field, 
such that its direction at any point of its length is the direction 
of the resultant magnetic force at that |)oint, i.f‘. the tangent to 
the curve points in the direction in which a sfnall magnet would 
set itself if placed at that point. T\\o ]njsi(irp direction of a line 
of force is the direction in which a Wfiih pole would be urged. 
Lines of magnetic force may be regarded as starting from north 
magnetic poles and as ending at south magnetic poles. They are, 
however, regarded generally as jxissing completely through the 
substance of the magnet so as to form closed curves. 


* Some writers object to the terra ‘ magnetic fort e/ as there Is a risk of its 
l>eiDg confused with ordinary mechanical force. It has, however, tlie sanction of 
Maxwell's classical treatist;, and is less cuinliroiis than 'strength of magnetite field.' 
If regarded as a conifioutid exjireMsion, magnetic' force, it is easy to distinguish it 
from a mechanical force. 




cu. I FUNDAMENTAL PEOPEBTIES AND LAWS \ 895 

Lines of magnetic force in air may bo traced experimentally 
in two different ways, by moans of iron filings or by means of a 
comi>as8 needle. 

Exi*t. 184. Plotting ISagnetic Fields with Iron Filings.-— 

A sheet of glass is Hiipj)oried in a horizontal position on two 
strips of wo^ placed on the ta}»le, and one or more unignets 
are arranged Wlow it. A sheet of pa|ier is then placed on the 
glass, and fine iron tilings are diistetl on to the ira|>er through 
a [)iece of iniislin. If the glass is tap|x-d gently, the filings will 
arrange thein.>elves in tin* direetion of the liia-s of force. 

If a perniamnt reeonl of tin* lines is cKsir*d, it can be 
sc'oured l»y using a ]»i(SM* of papt*r wliii*h 1ms Is-on soaked in 
iMiratiin wax. On gtuitly wanning the glass plate the filings 
julhere to the jmratlin. Another method is to f>l»tain a photo- 
graph of the tilings, using a camera pointing vertically down- 
wards ; or a print on ‘blue^ paper can K* ohtained easily by 
using s sensitised j»aper to reeeive the fdings and afterwards 
c‘Xp<)sing and <leveloping in the U’^ual way. 


PLOTTING LINES OP MAGNETIC FORCE WITH A 
COMPASS NEEDLE 

It is most iiiNtructive to plot the lines of magnetic force in 
various cases, using a small compass needle. The * charm * com- 
passes, in which both the top and bottom face are of glass, are 
most convenient for tin's purpose. Such comjmsscs should be 
handled by the rim and not by the glass faces. 

A large sheet of drawing pajjcr sluuilci be fixed to a drawing 
l>oard, and the latter placctl so that one edge may be coincident 
with the c<lgo of the tiible. iJy this means it may be replaced 
in the same position if it should be moved accidontidly in the 
course of the experiment. 

Place the compiss on the paper, aiul when it has come to 
rest make a dot with a pencil opposite each end of the needle. 
Then shift the compass so that tlie S. pole lies just above the 
dot which was near the X. polo, and make another dot near the 
new position of the N. pole. Kepeat this process, so that a row 
of dots is marked on the paper. Dmw a freehand line passing 
through the row of dots. This will represent one line of mag* 
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netic force. Bepeat the process about 2 cuu frov this line and 
obtain a second line. In the same way draw a third line of 
magnetio force about 2 cm. from the second. If the magnetic 
field is due to the ejurth alone, the three lines thus obtained 
should be approximately straight and parallel to one another, 
since in the companitively small space occupied hy the dniwing 
board the earth’s field may bo considered unifoinh 

If the field is plotted in the > icinit y of any magnetic material 
or near to a conductor carrying a tMirrent, the fichl obtained is 
more comjdex in character than that ju*«t described. The lines 
of force ubUined uill leprcsent the icsnl taut field vine to the 
superposition of the field of the earth and the field of the mag- 
netic matorLd or of ths (urrent. The lines of force will 1)6 
curvet] in various ways, (h^pending on the nature of the fields 
and on the manner in \Uiich they are &uper{K)scd. 

Lines of force starting close together will diverge considerably 
at points along their lengths, and may converge again where 
they re-enter the magnetic material. As the linos diverge the 
field is weakened, and some idea can he obtained of the relative 
intensity of the field at various points by noting the extent to 
which two lines, originally close togethci, have diverged by the 
time they have reached the points in question. 

It is important to lememher that lines of magnetio force 
cannot cross one another; for, if they did, the magnetic force 
at the point of interbcction would be in two difibrent directions 
at the same time. In general, there will be a line of force 
passing through any point chosen ; there are, however, excep- 
tional cases in which the lines of force seem to avoid certain 
points, and no line will bo found to pass through these points. 
If there is no line of force passing through a point, the magnetic 
force at that point is zero. Such a jioint in a magnetic field 
is called a neutral or a null poiht. 

In the neighbourhood of such a point the magnetic field is 
extremely weak, and it is therefore diflicult to determine the 
direction in which the compass needle tends to point. Accord- 
ingly when a neutral point is suspected, the lines of force 



IfvbjutfitnrAi iufb ui^ 

dint ail be plotted at eome distance from ii^ 

‘tilo field is etrongeri and afterwards the lines plotted should 
approach nearer and nearer to the neutral 
point. It is imjmsihle to find tl^e neulral 
p<nnt hy finding the pbtce wha'e the nt tdh 
will point in any direction. 

A neutral point is enclosed generally 
by four seta of lines of force, fomung 
a curvilinear rpiadrilatend. By continu- 
ally diminishing the size of the quad- 
rilateral the position of the neutral point 
N cun be found with considerable ac- 
curacy. It will be shown later how' information of imjiortance 
can be obtained by finding the ])Osition of such a i>oint in certain 
particular cases. 

Exit. 185. Plotting the Lines of Magnetic Force dne to 
the Earth’s Field. — To find tlu‘ chamctvr of the lines of 
magnetic force due to the earth's field, stdect a jH»sition at a 
distiUice from iron girders in|K*s, or stoves «ind remove all 
laignets or ma.ss<*sof iron, fmm the neighl>fHirhooil. Starting 
from one edge of the ]miH*r, obtain a row of dots as descrilied 
above. Ill the absence of disturbing magnets these dots 
should lie ue«irly on straight hue. SUirting again about 
2 cm. fnim this line, ro|K»at the proce.ss and obtain a second 
line of force. Draw al>out half a dozen lines in this ^\•ay, and 
verify the fact that the field is appro.\im.itely uniform by 
showing that the lines arc nearly straight and ikirallel. The 
direction thus obhiined i.s the ilirtH:tiou of tlie imigiietic 
meridian at the place wdiere the exix^riment is oarritH.! out. 

Expt. ISO. Plotting the Lines of Magnetic Force due to 
a Bar Magnet and the Earth together.— Place a magnet in 
any position on a drawing lioard covered with pqx'r, and plot 
round it the field due to the magnet and the earths magnetism 
together. Before liegiiining to trace the lines of force, mark 
the position of the magnet i^x the pajX'r so that it can be put 
back in its proper ]>osition if accidentally displacetl. Some 
judgment is required iu choosing the shirting-points for the 
separate lines so that they may In? neither too widely sojiarated 
nor too closely packed together. Wherever two lines are 
converging at a small angle to a {uiir of (loiuts close together, 
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it fe unnecessary to plot a thinl line between them in view 
of the fact that lines of force cannot cross. 

In general, tm neutral i)oints will ho found in the field near 
to a bur magnet, for there are two }H>ints at w'hich the magnetic 
field due to the magnet exactly counterUlancos the earth's field. 
The position of thes<^ two points rehitive to tho nuignct deivmls 
on the position of the magnet relative to the earths field, and 
if jjossible the field of the Siimr magnet should Iv' plotted with 
the magnet in various positions, (\ises of s|Kvial interest ari^* when 
the magnet fveupies a symmetrieal j)ositi<)n with reganl to llie 
magnetie meridian, /V. when it i> perjN'mlieular or parallel to ilie 
lines of Umv due to the earth s th hl. It is suggested that the lleld 
should K' plotted in eiieli n\ thf>e posithuis. and aNo in one or two 
}H>sitituis wlieiv tho iiiagiut lies un>y m met ri rally arros.s ihe earths 
lines of force. 


FIELD DUE TO A SINGLE POLE IN THE EARTH’S FIELD 

It is Sometimes desirable to be able to experiment with 
a single magnetic {sdo, and lav this purpose it is eonvenient to 
make use of a very long (5o to loo cm.) ball-ended magnet, so 
that the secoml pole may lie placed .so far away from the place 
where the test is being made that its eflfect may be neglected. 

Exit. 1 ^7, Field due to a Single Pole in the Earth's Field. 

— For the prrsent experiment, >npport the magnet in a stand of 
worxl with its a\i> vertical. Let the lower pole rest on asliec't 
of <lrawing paper tixed to a horizontal drawing hoard. Plot 
the lines of forcr due ta the romhincil aetion of this pf)le 
and the horizoiitiil <’ompoiicnt of tin; eartli’s magnetic field. 
Determine carefully the position of tin? neutral point, atid 
ineaHure the distance (/• <*in.) between this [loint and the pole. 

Sin(;e tlie magnetic force due to a .<^ingle pole varies inversely as 
the .squiire of the distance from the pole, tlie magnetic force due 
to the pole of strength But at the neutral jirant this 

is equal to H, the horizontal component of the earth's field. TJms 
m/r2 = H, or As.suniing H to he known, can Ixj 

calculated. In London, H may bp taken as 0*185 C.G.S. units, 

FIELD DDE TO A BAR MAGNET IN THE EARTH’S FIELD 

Position L — The magnet is placed on a horizontal surface 
with its axis in the magnetic meridian and its north pole 
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pointing to the north. In this position there is a neutral peint 
on either side of the magnetic axis, where the horisontal 
component due to the earth's magnetism is balanced exactly by 
the magnetic force of the magnet. 

If the bar is magnctiHed uniformly its poles will be equi- 
distant from the centre. The poles of a bar magnet arc not 
at the extreme ends of the l>ar. Their |>ositions must be found 
experimentally by drawing the lines of force near the ends of 





the bar and d<*terniining the point^ \\hoie th«* din'Ctions of the 
lines approxiinalely meet (Fig. Ili7;. The neutral pcnnt'-will lie 
in a line dra>\n through the centre, midway between the t\\o 
' ]K)les at light angles to the length. 

Let 1* repnseiit the |> 0 '.itinn of a luutial iM»int at a di'^taiice d 
cm. fioia oitlur pole (Fig* 


I 

t 



The magnetic foix*e at P, due to a pole m at N, is equal to m *<P 
along NP. The force due to a iHilo - /a at S is equal to w/(/2 
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along PS. The reeultant of theee two forcea is evidently iMjrpcn- , 
dicular to OP| and its magnitude is 


F-2 


iP 


m I M 


sinoe the magnetic moment «* 2 ml. But V is a * neutral iioint * j ^ 
therefore at P 

F«H, 


the horizoiiUil intensity of the earthV tield ; 

yi 


iP 


-H, 


or 


M=Hcf\ 


Exit. Determination of the Maimetic Moment of a 
Bar Magnet, Neutral Point Method L- the liix's of foiro 
due to a i*ar nia^'iu*t Uy nieaii'i I'f a small roiniwiivs, when the 
lUfij'iiet ift ]»laet*il in the iiiagm*tie meridian with its N. jkiIo 
|H>inting toward'^ the north. Determine I lie posititiiis of the 
neutral jx tints as aeeurately as po-siMe, and measure the 
di>tanees from the ]Kjles. C’aiculate tlie magm*tie moment of 
tho magnet fr(>!n the e(|uation 


In I»ndon, H may 1 h‘ taken jis O ('.(t.S, units; // must 
be in eentimetres. 

Measure th«‘ distaiuM* U'tween the two j»oles, and deduce 
the iKjlc strength m of the magnet. 


Position IL — ^The magnet is placed in the magnetic meridian 
with its N. pole pointing towanls the smith. Two neutral points 
will be found somewhere on the axi.s of the magnet prodticed. 
If the mean distance of a neutral point from tho entire of tho 
magnet be r, the magnetic force duo to the magnet is in this case 


‘>M 

Fs=^, approximately (p. 415). 


Consequently at a neutral 


point 


r 




Hr* 


and therefore 
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Expt. 189. Detenni]iatio!i of the Magnetic Momrat of a 
Bar Magnet, Neutral Point Method II. — Place a bar magnet 
with its axis m the magnetic meridian, and its N. pole pointing 
towards the south. Plot the lines of magnetic forces using a 
small com|3ass, and find the i>osition8 of the neutral points. 
Measure the distance from each neutral point to the centre of 
the magnet, and deduce the value of the magnetic moment. 

Position nt — The magnet is placed in any position in the 
magnetic field of the earth. Two neutral jioints will l^e found 
symmetrically situated with regard to the centre of the magnet. 
The resultant magnetic field may be regarded as due to three 
forces : one due to the earth, which is sup[)Osed known in direc- 
tion and magnitude, and two clue to the magnetic poles in the 
direction of the linos jtiining the point to tlic poles. If the point 
in (picstion is a neutral point, those three forces must be in 
equilibrium, resolving the forces in a direction pandlel to 
the eartll^s field we can obtain an e.xpression for the strength of 
a magnetic ])olo in terms of <lisuinces and angles which can all 
bo mcivsurcd from the diagram. 

' If the magnet lies in some such ]io<ition as is shown in Fig. 109 
(the axis ejist uiul w< ht is couveniont), the neutral points will be 
found as at A and 13. 



Pin, 100.— Xcntral Pointfi fn the Earth's Field. 


Draw a lino through A iK>iuling towanls the magnetic north. 
Join AS(/*,) and AN(/^)- If ^he angles made by AS and AX with 
the magnetic meridian at A are 0^ and ix'S|X'Ctively, and ni is tlie 
I>olo strength — 


9 r» 




•02 ; A TEXT-BOOK OF PIUCTICAL FT. Y 

P--5COstf,-.^-:^cos^g, 

and F » H ■■ 0 1 85 (in London). 

By meii8uriiig and 6^ and 0.^ m can bo caloidated. 

The proof of this expression is left as an exercise for the 
student. 

Exft. 100. Determination of the Magnetic Moment of a 
Bar Magnet, Neutral Point Method 111. — rhice a hir luagoet 
with its axis mist and west. Plot the lities of magnetic force, 
and tind the j^^'^itions of the neutral points \h aecunitely as 
jK)ssihle. >reasure Cj and /*,, f\ and for fftch neutral |x*int, 
and deduce the value of w, the ^>ole strength in each case. 

S 3. MA<;NiirrR' Axis and Maonktic Mi.kmuax 

When a magnet is suspended so that it Cfin tiini freely about 
a vertical axis, a certain direction fixed with regaril to tho 
magnet tends to become parallel to a certain direction fixed with 
regard to the earth. The direction fixed relatively to the magnet 
is tho direction of the magnetic axis of the magnet; the direc- 
tion fixed relatively to tlie earth is the direction of the magnetic 
meridian. In tlie case of a long, thin magnet, tho magnetic 
axis may Iks taken to correspoinl with the direction of the length 
of the magnet, but in the case of a broader magnet — an ordinary 

hiir magnet — it is not allowable to 
assume that the dircctiuii of the mag- 
netic axis coincides with the direction 
of .symmetry. The following experi- 
ment illustrates the method used in 
magnetic observatories for determining 

— the magnetic axis of a magnet and the 

magnetic meridian. 

^ In Order to take an extreme case, we 

— ---Jb" construct a magnetised disk whose mag- 

Fm. 2 oo.-M«$cn«Ui^ m»k. uctic axis is tjuite unknown. To do 
thi.s,.a'light l)ar magnet is enclosed in a 
flat circular wooden Ixjx, so tliat its |X)sitiou is concealed entirely. 
A reference line is traced on each flat face of tho box, joining two 
pointy A and B, which are at opposite ends of a diameter (Fig. 
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200). The problem is to find tlie angle between the axis of the'^’ 
concealed magnet (or of the whole disk) and this reference line. 

Expt. 191. Determination of the Magnetic Axle of a 
'Magnet and the Magnetic Meridian at any Place. — ^The 
magnetised disk is suspended from the centre of one face by a 
fine thready which sliould l)C as free from lorMon as i»o8sib]e. 

If the thread is not torsionless there will a coui>le acting on 
the disk duo to the torsion of the sus][ieiisioii, and the p<^sition 
of rest of the <Ii.sk will bo determined by the action of this 
couple in addition to the magnetic cou}i]e due to the earth’s 
field. A sheet of jiaper is Jift'd horizontally, immediately 
below but not in coiitac-t with the di>k. The position of the 
rt*ferc*ncc line when the disk has coiiit‘ to rest niu.'st Is* marked 
on the i»apor. It is not necessary, however, to wait till ti(jc 
plate comes to rest of its own accord. Notice the jK>^itK>ns of 
the extremities <if its swings, and then gently chock the motion 
halfway betwe<'n the>e two j»ositions. In order to mark the 
position of rest of tin' reference line accurately on the j»aj)er, it 
is convenient to have a metal j>ointer fixed to the circumference 
of the ]>late at <‘a<*h end of the line. A line such as A'B' is 
thus obbiineil on tin* paper. 

Tilt plate should then be turned ujuMdo ilo\vn and siisjx*nded 
from the ojipoMte face, and the new’ |HKsition of the reference 
line d<*t<*rmined ; let this be A'Ti" (Tig. 

No lines shouKl l>e drawn on the pLile itself. 


In this w’ay two lines, A'B', A"R", arc obtained on the pa|x*r, 
these lines In'ing inclined to one another at a definite angle. A 
little consideration will show that the direct inn 
of the magnetic axis must bisect the angle 
between the tw'o lines, f<»r tlie magnetic axis 
coincides w’ith the fix(*d meridian, and the 
reference line must Ik; at the same angle with 
the meridian on one side in the lirst Ciise, as it 
is on the other side in the second case. 

As there are two bisectors between the lines 
AtV' and BB' it is necessary to determine which 
of the tw’o coincides w’ith the meridian. 

The points A! and A' were made by the 
same pointer A, one for each position of the 
plate. Similarly B' and B" weiv l>oth made 
by tlio jioiiiter at B on the plate. Thus in ivversing the plate and 
allowing it to take up its second position of eipiilibrium, it has 
virtually been rotated about the diameter ^Hissing midway A' and 



Fio, 201.— Wngnetic 
^ Ueridian. 
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and and B". Hence the line marked NS in the diagnuii 
ing A'OA'' and B'OB" is the magnetic axis of the plato and the 
magnetic meridian. 

Heasim* with a protnictor the angle Initwetm tlie lino on 
the juiper representing the magnetic axis (or the magnetic 
lueriilian) anti the reforeneo line A^ll'. 

Heasnre also the angle U^twcen the magnet ic meridian and 
some line fixed in the room sach as the etlge of a lalniratory 
table. 

§ 4. TKAcniVK Finn E for a Bar Ma'INKt 

Measurements of the traoiivo force at dillorent points in the 
length of a magnet wore made by Coulomb, lb? observed tlic 

weights t>f iron which could 
he supported at the }»oints. 
Ills results may be repre- 
sented by a curve of the 
form shown in Fig. 202, in 
which the ordinates are pro- 
portional to the force at 
ditrereut points in the length. 
If the distribution of magnetism is uniform the curve is sym- 
metricid about C, the centre of the magnet. 

Exi-t. 102. Determination of the Distribution of Tractive 
Force along a Bar Magnet. — Mark oil’ the magnet into, Siiy, 
10 equal parts, and i»luce it on a levelling tii]>le lieneath the 
scale- pan of a Miydrostatic * Ijalancc. From the hook of the 
scale-pan suspend a small iron hall. Adjust the levelling table 
so that the pointer of the balance is near the middle of the scale 
when the ball is in contact with the magnet, and then find the 
weight that must Ikj placed in the other scale-pan in onler to 
separate the ball from the magnet. Kcpcat the observation with 
the ball at different f»oint« marked in the length of the magnet. 

The attraction dcf^mds largidy on the closeness of contact 
between the ball and the magnet ; any grease (jr dirt between 
them may diminish the force by several graiiis-weight. The 
ball may be rublxid slightly across tlio breadth of tlio magnet 
in putting it into [Kisition, thus removing any dirt and ensuring 
greater consistency in the observations. 

In order to prevent injury to the balance when the iron ball 


Y 
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leaves the magnet, the weights mast bo added very carefully, 
and wooden blocks must bo placed under the scalc-pan contain- 
ing them, 80 as to limit the movement of the balance. 

Determine the weight of the Imll when the magnet is not 
near it. This weight must lie subtracted from the W'eights 



observed in the previ<)us observations, so us to give the force 
due to the attruetion of the magnet. 

riot a eurve showing the attraction at dirtcreiit jM>ints in 
the lengtli of the magnet. 

Instead of using a liydrostatic balance in tliis experiment, a 
spriiig balaiK'o may be einployi'd. In this ease llio levelling table 
may be lowerevl, (»r, keeping the magnet tixed, the spring balance 
may 1)0 raised gently till the kill li^ives the magnet. The reading 
of the spring balance mu^t be taken just us the se])aration occurs. 





CHAPTER II 


^lAOXETOMETllY 


§ 1. Thk Deflection Maonktomjeter 

In its simplest form the magrnetometep consists of a pivoted or 
susp^Mided magnetic needle, free to turn about a vortical axis^ and 
provided with a circular graduated scale for me^isuring deflection. 
The needle and circular scale are conLiincd usually in a case of 
wood or of bniss, ptH>vidcd with a glass top, through which the 
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reading can he taken. A long, light pointer pp' is fitted to the 
needle, so that the movement of the needle may bo measured 
over a circle of large diameter altliough the needle itself is small : 
the circle is usiudly large enough to give readings accurate to 
about V of angle. In order to avoid parallax in reading the 
position of the pointer, the base of the nuignetometer is provided 
generally with a plane mirror. In taking a reading, the eye of 
the observer must be placed in such a position that the reflection 
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of tlio pointer is hidden by the pointer itself ; the observer will 
then be looking straiglit down on the scale, and the true reading 
will bo obUiincd. 

For very accurate work a mirror magnetometer is used in 
conjunction with a lamp and scale. In this form there is a 
mirror fixed to the needle, a beam of light from the lamp strikes 
this mirror, and the motion of the reflected beam over tlie scale 
is used to measure the deflection of the needle. The beam of 
light serves as a long weightless pointer, the angle it turns 
through being twice the deflection of the needle (p. 232). 


The magnetometer is usually set up so that the zero reading 
is obtained when the needle is under the influence only of the 
horizontal component H of the earth’s magnetic fieUl. A second 
field of strength F, in a direction at right angles to H, is then 
applied to the needle, say by means of a magnet placed in the 
neighbourhood of the instrument. Tlie pointer is thus deflected 
through an angle 6. By measuring this angle we can determine 
the relation between T and II. For this i)urix>se the following 
imporUnt theorem is required : — 

When a magnet is jdaced in a magnetic field due to the 
superposition of two mutually perpendiq^lar magnetic fields 
both of which are uniform, its liositiou is determined by the 


relation 


F 


itanO, 


F dynes per unit pole 
/fiF dynes 


mH 



H dynes per 
unit pole 


where F and H are the 
strcngths.of the magnetic 
fields and 6 is the angle 
between the axis of the 
magnet and the direction 
of the field H. 

Let NS (Fig. 205) re- 
present the magnet, whose 
pole strength is ttu Tlio 
N. i)ole is under the action of two forces, viz. d}Ties {Mirollel to 
H, and m¥ dynes ][>arallo to F« The S pole is under action 


Pw. 205.-Proof that F-H Uu a 
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of equal forces in the contrary sense. Tlieso foivt constitute 
coui>Ies which keep the magnet in a jiuaition of equilibrium. 

Tiikiug moments about Hie centre 0 of the magnet wl* got 

?«F X OA « mil X OB, 

F OB AN 
l["OA~OA 
«t\n 

'and consequently F-H tan ft 

Thus if we know the ratio of F to II, wo can calculate the 
angle d] and if we know the strength of the ticlil 11 and tan 
observe the angle ft we can deterniine the strength of the liehl F. 

In nu)4 ex[>eriineiits with the magnetometer fho held F is 
only approximately uniform. For tin-' reason it is important 
that the needle of llu* magnetometer should not bo i(>o long. 
If the needle short (udy a small error is introiliieed by treating 
the field F as a tuiiiurm licM. 

§ 2. CmMI’AKISoN oJ« M.VONKHC Ffi:i.I*S V.Y TUK MAciNKToMr.TKU 

Kxf'T. VX\, Field due to a Single Pole.— IXaermine the 
direction of the magietic imridian by means of the magm‘to- 
meter needle. Place a metre >eale on the table at right angles 
to tile meridian, and jjiit the jnagneiometer )»ox (Ui the scale 
80 that the centre ot the box is directly ai»ove the central 
divi.sioii (*f the scjile. Carefully a<ljust the bo.x ainl tlie, metre 
scale so that the |H»iMter i.s at the zero division, ami the scale 
point> exactly and west (magnetically). In some forms of 
magnetometer the metre .v:ale is lilWd perinaiienlly (Al», Fig. 
204). 

In tlii.s ex|K*riment the long ballHuided magnet doscriU'd 
previou.sly fp. 3!)i^) should Ix; u.v*d. As the intention Is to 
examine the etleet of one pole only, th(3 .st^eoml j»olo must he 
placed in such a jK;.siti(m that it will liave no effect on the 
reading of the magnetometm*. Thi.s can be done by siipi»ortiiig 
the magnet vertically in a wooden stand. 

The ui>f)er jiolc of tlie magnet is at a considerable distance 
(approximately 1 metre) from the iiiugiietoinetcr, while the lower 
]»ole i.H seldom u<ecl at a distance gn^atcT than 20 cm. from tho 
magnetometer. In the extreme ca.Ho, therefon*, the magnelii! force 
duo tfj the npiKT [Kile is not greater than 4 yniV cent of the force duo 
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tf) tlu‘ l<.w(*r polo. Ry pLioing llio inaj^iict vcrtic;illy, the liorizontal 
roiiipoii' iit of tlio foroo due t(> the np]K;r j»ole at the iiiagnctometcr 
i.s reduced to alxuit Jth of the total force due to it when the 
dintaiKX} of the majijnet^uiietcr Li greatest. 

The extreme value of the hori- 
zontal force due to the upper jiolo 
is thus reduced to less than 1 
[jer cent of the force due to the 
lower i»ole, an error which is 
much below the prol>able errors 

of reading. 

If tLc magnet is tilteil some- j,., jo.-.-FWd due to single Pole; 
what so ns to hring the uj»[»er 

pole c»ver the middle of the magnetometer (Fig. 206), any horizontal 
force due to it may Ixj quite eliminated, though this is not absolutely 
necessiiry, as will bo seen from the above. 

The first j»ole of the magnet must be on the metre saile, so 
that its field at the magnetometer lies ea>t aud uot. In this 
po.sition it will produce a magnetic force F =- at the centre of 
the niagiietoiiietor, if m is the strength of tlie p(*le and r its 
distance from tluit c«‘iitre. Consequently a dt lleetion 0 \Yill 
jModuced. given ]»y F=If Ian 0^ or /// /'-==n tan 6. Ifencc 
/•- tan 0 - //qll — a constant for tlie particular strength of [)ole 
under test. 

Oniscijnently, if wc take a scries of readings of and 
reading h<>(h ends of the pointer, wc should rind that r- tan 0 
is constant. 

Tabulate the results under tlie licadings : r, 0, tan 0, r- tan 0, 

If tlu‘ numbers in the last <*olunm of the table are approximately 
cmistant, tlic result may l>o regarded as a verification of the law 
that the maRnetic force due to a singrle pole varies inversely 
as the square of the distance f^om the pole. 

Exut. 1 91. Field due to a Bar Magnet.— Place the magnet, 
whicli should bo a short hir magnet strongly magnetisoil, on 
the metre senile with its axis pointing e^ist and west In this 
‘end-on* position it will prmluce a niagnotic field at the magneto- 
meter pointing east and west, ami of the approximate strength 
F = 2M . w’hero is its magnetic moment and r is the distance 
from the centre of tlie magnetometer to the centre of the 
magnet. 'This is only true provided the leiujth of the fmgtut 
is small in com^Kirison with the distance r. 

The iiiaguetometer needle will bo deflected through an 
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angle given hy P»H tan so that 2M7)^«H’tan 0. Hence 

tan constant for tho particular uiagnot under 

test. 

Note the distance r and read tho deflection 0 for l)Oth ends 
of the ix>inter. Now turn the magnet end for end, keeping its 
centre at the same |K)int, and take two more readings. Take 
the mean of these readings as the true deflection. Tabulat*' 
the results under the headings : r, tan % tan 0, The 
values obtained in tho last column will le approximately 
constant. 

This shows that the strength of the field along tho axle 
of a short bar magnet varies inversely as the cube of 
the distance from the centre of the magnet. 

§ 3. CoMiwRisoN OK Magnetic Moments by thk Maonkto- 

METEU. ElKMENJAKY ThEATMENT 

In the first instance an elementary discussion of the 
coin|)arison of magnetic moments is given, on the assumption 
that the lengths of the magnets compared arc small enough to 
be neglected in comparison with the disUtneo from a magnet to 
the magnetometer. 

Exin*. 195. Compariflon of Magnetic Moments, using the 
* End-on * (or A) Position. — Place the magnetometer box on 
a metre scale laid flat on the table, so that the centre of the 
magnetometer coincides with the centre of the scale, the 
zero line of the magnetometer pointing exactly along the 
length of the metre .sciile. Turn the scale round till it 
points e<ast and west, as judged by the magnetic needle of 
the magnetometer. 

(i.) Method of Tangents, or Method of Equal Distances 
— Flaw the first magnet (magnetic moment Mj) with its 
centre at a definite division on tho metro scale and with its 
axis i)ointing east and west. The dishince from the 
magnetometer must bo large compared with the length of 
the magnet, but must not be so large as to give a very 
small deflection of the needle. A deflection anywhere 
between 15*^ and 65^ would be suitable. Take readings 
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of tiotb ends of the needle, taking care av<dd errod 
due to parallax. Koverse the magnet, end for en^ 
keeping its centre at the same graduation as befme^ and 
again read the position of the needle. 


N 

A 

I 

I 



I 

I 


I 

s 

Fi«i. 2fi7. — * End*ot) * Position. Mothor! of TangeotA 


Xow repeat the observations with the magnet on the 
other side of. the magnetometer at the same distance from 
it* Let the mean of all the reiidings be By 

Take rciulings in exactly the siime way with the second 
magnet (magnetic moment M^), placing the centre of the 
magnet in the j)ositions occupied by the centre of the first 
magnet. Let the mean of all these readings be 

Then, approximately, 

Mj tan 
» Mg tan 0^ 

^ “"'l I"'! = I-'” 

Mj _ tan Bi 

Mg tan 0^ 

(ii.) Method of no Deflection. — In this method the two 
magnets are used at the same time, one to the east, the other 
to the west of tlie magnetometer, and their distances from 
tho magnetometer are adjusted till there is no deflection 
of the needle. Measure tho distances rg, from the 
centre of tho magnetometer to the centres of the magnets. 
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I Reverse the niAgncts, keeping unaltered, and readjust 
the second magnet till no dellection is given : muy now 

N 

A 


f 



I 


s 

Fi >. ‘-■•N ' 1* Mftliot nt no JV‘M»‘clion. 


have «'i dillViont valiu\ 'lake the inoaii of the two 

values of 


Then, approximately, 


M,-r/ 


2M 2M^ 

F’or F, = ~ and F., - and Miice the defleetion i« zero 

'i” ■ 

F ~ F 

M r ^ 

• - II 

•• Mo“,/ 


Fxrr. 106. Comparison of Bfagnetic Moments, using 
the 'Broadside-on* (or B) Position. — Turn the metre scale 
till it lies in the magnetic meridian, the magnetometer 
box being still at the centre of the scale. In order that 
the pointer may still point to the zero of the circular scale 
the box also must be turned through a right angle on the 
metre scale. 

(i.) Method of Tangents, or Method of Equal Distances. 

— Pfaec the first magnet on the metre scale with its axis 
pointing east and west, and read the position of the pointer. 
Reverse the magnet end for end and again take readings. 

^ Repeat the observations with tlie magnet on the other 
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side of the magnetometer at the same distance from iC 
Let the mean of all tho readings be 

Take readings in the same way with the second magnet 
at the same distance from the magnetometer, and let the 
mean be 6^ 



s. S 


Kio. 200.—* nroadslih'-oii ' Position, Fio. 210. — • Bi-ontlsMe-on ' Position. 

Methinl «»f Taiigouts. Melhotl of no IVflection. 

Then, fipproxiniatoly, 

JI 2 till! 6 ^ 

For Fj = and Fg = and F, = 11 tan 0„ and F^ = H tan 0^ 

tan 

* ’ Mg tan 0^ 
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(ii.) Method of no Defleetton. — Ono magnet ia placed to 
the norths the other to the south of the magnetometer, and 
their distances, from the magnetometer are a<ljustod 

till there is no deflection of the needle (Fig. 210). Reverse 
the magnets, keeping constant, and take the mean of 
the values of Both magnets must be pointing cast 
and west. 


Then, approximately, 


M r ^ 

Mr* * 


For F, and Fy are an<l 

y M, .M, 

. M, 

•* , i , 3’ 


Thus there are in all four difTerent methods of making the 
comparison, two in the ‘end-on,’ two in the ‘broadside-on’ 
position. In all cases the axes of the magnets under ex- 
amination point east and west. 


§4. Comparison of Magnfik* Momknts by thk Magneto- 
METEii. Moke Advanced TuEAiAiLNr 

A. Magnetic Force at a Point on the Axis of the Magnet — 
• £nd-on ’ Position. — The magnetic moment of *a magnet length 
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^ Fio. 211 — * Bini on * Povition. 

21, poles -f m and - 7/i, is 2lm ~ M. The force at P on unit north 
mimetic pole is 

tn __ in 

repulsion from N, 
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and 


m m 
SP*“(r + /)*’ 


attraction towards S. 

The resultant magnetic force at P is 


in\rl ^ 2M/* 

= (Hr/2)2“(V2T/y 

When r is large compared with I the term in Jr may be 
neglected, and the expression becomes 

T. 2M , 

Jb = (approximately). 


B. Magnetic Force at a Point in the Equatorial Plane 
of the Magnet — * Broadside-on’ Position. 

\ — In this case the jjoint P is in a line 
bisecting the magnet at right angles (Fig. 

212). The comiioncnts of the magnetic 
force at P are 7w/NP- along NP and w/SP- 
along PS. 

Each of these components, which are 
equal in magnitude, may be I'esolved into 
forces along and periiendicular to 01*. The f 
forces in the direction OP balance one S 
another. The forces at right angles to OP 
give Fosibon. 



F - ^p 2 cos PNO + g^p 2 cos PSO = 


2w ON ^ 2inl M 
NP2NP"NP3""(;^“;^^f 


or 



approximately, when r is large compared with /. 

We compare the magnetic force F due to the magnet with 
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the horizoritHl force H of the earth hy th(5 expression F - II tan 5 
(p, 407). AVe assume that the needle of the magnotonictoc is 
so small that the field in its neiglibourhooil may bo considercil 
uniform. 

The foregoing results provide four diHerent methods for 
comparing the magnetic moments of two magnets by means of 
the magnetometer. For further experimental details see the 
elementary treatment (p. 410). 


Expt. 1 97. Comparison of Magnetic Moments, using the 
'End -on’ Position (corre>]H)mling witii Kxpt. 195). 

(i.) Method of Tangrents, or Method of Equal 
Distances. — PJacc lacli magnet in turn at tin* .^iine distance 
r from the luagnctonieter, arranging the magnet sn that its 
i.xis passes through the centre <»t the needle, an«l is at right 
angles to the niagnetie meridian. The detleeting magnet 
must Ihj placed with its axis pointing ea^t and Wf‘.''t. WJien 
tlio latter mljnstnient is serured tlie magnet ]>rodueeH the 
ma.xinmm detleetion of tlio nee<11e. 

OIks^ji'Yc the dctks'tions and 0 ^ nf the |H*inler in the two 
ca>e.*i. 


Then y 
~ ;• 

Hence 


\ . and ^‘*>d in tins case 

)• 

F, " ■2Slf/(r‘ - 1 .^)- " 1 1 tan 0.^ 

*M, (/••-/,*)' tan -9, 

M, ^ tan '(!/; 


If the magnets are of approximately tlie same length, then 
Af j _ hin dy * ^ 

tan $2 

Note that r is tho distance from tho ccn/cc of iho deflecting 
magnet to the centre of the magnetometer needle. 


(ii.) Method of no Deflection. — Armnge tho magnets in 
ixisitlons similar to the a1)Ove, but one on either side of the 
needle. Adjust their distances till there is no deflection of 
the magnetometer noodle. 

If r| and are the disfances, wc have made «* F^, 



OB. n MAONETOHETRY 417 


2M,r, 2M,r, M, 


(r,*-//)2r; 


If rj® ami r.^ are both large compared with this reduces to 

M, r,* 

Mr*-/ 

Exit. 1 98. Comparison of Magnetic Moments using the 
* Broadside-on * Position (corrcs^Mmding with Expt. 196). 

(i.) Method of Tangrents, or Method of Equal 
Distances. — Place eaf‘h magnet in turn at the »ame distance 
r from the centre of the needle and observe the deflection pro- 
duced in each case. Note agiiin that the deflecting magnets 
must 1)0 placed with their axes })ointing east and west. 


Tlien, generally, 


F- amlF- 

In this case - r., = r (siiv). 

F,_M,'(r2 + /j2)5^Htan0i 


Mi^(r2 + /,2)? tan^j 

M. UiuO: 


If the magnets arc of approximately the same length, 


_ tan 

if . 2 tan ^ 2 * 


(ii.) Method of no Deflection. — Place the magnets one 
on either side of the needle with their centres north and south 
of it, and adjust their distances until the miignetomotor needle- 
remains in the nuignetic meridian. 


If /‘j and rg are the distances of the magnets from the needle, 

If /] and small in comparison wnth r, this reduces to 

m.-d* 

Note on xnakingr Observations of 0 and of r. — ^If the 
deflecting magnet is not magnetised uniformly, its magnetic 

2b 
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equator is iieaixu* to one end than the otlier. Tlie tnu* distance 
r is therefore not the distaiiee from tiie centre o! the needle 
to the centre of the l>ar. A^ain, if the pivot of the »eedle is not 
exactly in the centre of the magnetometer 1 h>x, the va'ne taken for 
• will be wrong on this account also. Tt> avoitl * irors due to 
these two cause's, the detleetion shf»uld Ik* taken fii>t with the 
magnet one way nnind, then with the magnet revei-e<l. Aftt*r 
this the magnet siioiihl be |dace<l on the other side of liu* magneto- 
meter at an equal distance r, and the neeille detlecti<n» determined 
again for both positions of the iiuignet on this side. Ktich time 
the two ends of the pointer must l>e reiwl so that eight nsulings 
of B are taken ; the mean of thest* is taken as the true <ietleeti*»n (K 
In the metluKl of no d<*t!eetion otie magnet must always lie 
taken at the same distance rj. After taking r., to correspond with 
rj, both magnets must l>e reversed, when a new value of the seetmd 
iiistanee may K' fi»und to W nece>sary in order t«» get zero 

deflection. Tl»e magm*ts are thi-n placet! mi the other shU*s (d the 
magnetometer, and two mon* values of /•.» an* found to give zero 
deflection \vhen tin* first magnet is at a distance Cj. The mean of 
the four values of is usetl in the calculations. 



CHArTEIl III 


THE OSCILLATIONS OF A MAGNET IN A 
MAGNETIC FIELD 


§ 1. Comparison of Maonktic Fields ry Oscillations 

When a magnet is suspended so that it can oscillate al)out an 
axis of symmetry in a uniform magnetic field the time of one 
complete vibration is given by the formula (deduced on the 
assumption that the motion is approximately Simple Harmonic 
Motion, p, IGl), 

■r. v /'■ 

\' Mir 


where i?, the perioilic time, 

I is the nioiiioiil of inertia about the ehoseii axis, 

M is the inagnetio moment, 

II is the .strengtli of the magnetic field. 

If the ,<umr magnet be set in oseillation at various points of 
a magnetic fieJd, I and M remain constiint, but T and H vary. 
The formula shows that 


HT 


\7rn 

^ M 

V (where C is a constiint). 


Thus if the value of the constant C be determined once for 
all by making the magnet oscillate in a magnetic field of hown 
strength, the strength of any other field may be found hy 
finding the value of T in that field. 
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Expt. 100. Determination of the Strength of the Field 
at any Point as&nming the Earth's Field known. — Tho 

oscillating neoillo \i8ed in this exiiorimout is a small stwl 
magnet only about 2 cm. in length mounted hoi /ontally in 
A small brass stem sus|H»ndtHl by a single silk tibre A lieavy 
short piect3 of ‘mt-biil ' tile is suitable as the nmll**. A liglit 
aluminiiun pointer may be attached to the stem in i^nler t*) 
make it easier to oBsc^rve tho ascii la tion.s. TIm* apparatus 
should 1)0 protected from air currents by a glass sliade. Place 
the api»aratus on a table remote from masse.s of iron such as 
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iron pii)e.s, .<rtoves, etc. Itemovc all other magnets, including 
knives and keys, from the iieighlxjurhooil. Ijct the needle 
oscillating by bringing a magnet iiioinentiirily tie^ir to it, but 
do not allo\if the amplitude of the oscillations to exceed a few 
degrees, os the motion approximates to Simple Jfarmonic 
Motion only when the amplitude i.s .small. Obsetrve the time 
taken for the needle t^i complete a number of coin[>lete oscilla- 
tioiis (40 or 50 should be observed if possible), and calculate 
the tini'e for one complete oscillation. 

Assuming the horizontal comfionent of the earth^s 
magnetic field, to lie known, find the value of the constant C 
by means of the equation 
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The object of the experiment in to determine H, the 
horizontal lield at Konie other place. Move the apparatus to 
the Hj>ot where the .stren<<th of the field is to he measured, 
and again observe the time T of an oscillation. Using the 
value of C just found, deternjine the value of H from lUP^C. 
In this way a magnetic survey of the laboratory can be 
carried out. 


EUMINATION OF THE EFFECT OF THE EARTH’S FIELD 


It is frequently necessary to .compare two fields neither of 
which is known. This could Ijo done as already described if the 
two fields could be isolated, but in general this cannot be done, 
and the needle would have to oscillate in a field compounded of 
the earth’s field and one or other of the fields to be compared* 

If one of the fields (F) is arranged imrnllel io the earth’s field 
(Hq) the resultant field (H) will be either the sum or the dif- 
ference of F and : the needle can now be allowed to oscillate 
in this compound field and its period of swing (T) determined. 
It is important to note that greater accuracy is obtained if the 
composite field is miwle the sum of F and If possible, there- 
fore, the field F shouhl be arranged so as to .assist the earth’s 
field, so that the needle oscill.ates moive rapidly than in the 
earth’s field alone, and still jmnfs in tiu’ sinm> direction as yrlien in 
the earlKs field. 

If T^,, the jaTiiMl of swing in the earth's field, l3e kno>vn we 
have, from the fuiulainental equation, 


and 

But 

or 

Therefore 


li 


u “■ 


C 


T 


0“ 


H = 


C 

q'lj* 


n = n, + F, 
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When two fields and F., are to lie conipaivd li’* \ niu^t l>o 
combined so|>arately with the earths liori/tuitid lit'ld II,, in surh 
a way as to assist it. The j)erioils of swin<; of tlu need hi an* 
determined in the two compound fields, and the ratio of to 
Fg is give'll hv 

f ^ M 

K, I I 1 1 r 
It,-^ r,/j 

llu* studi'iit is iv^piirtHl to deduce this exjin'ssiMii from tlic 
discussion detailed above. 

Fxi't. 200. Verification of the Law of Force for a Single 
Magnetic Pole. — ()b>crve the time tukiui for the luting 
needle to e\'t‘eule fifty eompli ti' .swinirs when ull otlier mag- 
nets are renitived from its neighUmrlnKHL Tlie nee<U<‘ should 
be protected from draughts, ami the amplitude of tin* n.s«;i na- 
tions should not exoee<l a few degrees. 

Let the time of vibration in this case be T,„ the strength t»r 
the Held Hy Wdiig due to the earth*.s magnetism. 

Then constant). 

If H„ i-! known the value of V eouhl Ik* e^iKadated fnnu this 
equation, but as it rauceK out in the working of the results 
it is nnm*ce.ss;iry to do this. 

We have then the relation tliat 


Next take one of the \*-ry long Iwdhended magnets alren<ly 
referred and support it vertieally in a wofnlen stand. J*Iace 
the lower |sjle Muiiewhere along a line passing through the 
centre of the needle, and direeteil north and south (inagnetie). 

The nee<Ue now swings either more or less ra[)idly than 
liefore, or it may jH*rhaps try to turn round end for end ; this 
deiKiiids on the nature of the [Kile ami the iwjHition in which it 
i» jilaced. 

It is iin|>ortant to note that the pole should be yilimcd in 
such a [losition that the oseillatiiig necdh5 points in the .same 
direction as when in the earth’s field alone, and has a »horter 
pttiod of miwj than before. 
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SiiKHi the jieriod of oHcillation in Kiiialler, tlie fiehl 11 in which 
file iiia^'net oscillaUvs is strori^'cr tlian }K?fore. This comhiiiM 
iirlfl is equal to tlic sum of the fiehl F' due to the jiole of the 
mu^^mit, and 11„ due to the earth. 

Thus Tr=-H„ + F. 


liace tlie lower jiole f#f tlie magnet at various distances 
7\y / 9\,y etc., from tlie oscillating needle, the jjole of the magnet 
being always on the same .side of the needle, and in the meri- 
dian line i»a.ssiiig through the needle. Take the different 
di.stjinees etc., ranging frc»m alK»ut 5 cm. to 20 cm. Find 
# the times of swing T^, of the needle for the variou.s 

dl.stances of the pole. 

We wisli to show by this exiieriment that the fiehl of a single 
j)oIe varies inversely as the squiire of the distance from the pole, 
?>. we wi.sh to show that F Is projiortional to 

We can show this if we prove that 

Now (p.421). 

Thus we shall show all that we wish if we prove that 


‘ nv IV j ' ^\'iv T/i - \iv ivj'=* 


The constant C occurs in eacli of these, and therefore can be 
caiuM‘Ih‘d throughout without atfectiug the equality, .so that if we 
can show 


f ^ 




we shall have proved that 



r 1 

I’lV 



- etc., 


that F is proportional to 


F.iy -- Fjjc/ -etc*. 
1 


Arrange the observations as follows ; — 
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Dlntance of Pole 
r (cm.). 

r#Tio<l of Swing 

1 

•ra- 

1 1 
rJ'Toa* 


5 

6 

7 

8 

10 

12 

15 

20 

Infinity. 

T,« 

1 

1 

1 



The period when the pole h at inhnity in evidently the |>eriod of 
swing in the earth’s held alone. 

The last ooluiim will prove to bo approximately constant, thci’eby 
showing that the force varies inverstdy as the sipiaro of the distance 
from a single pde. 

The effect of the upper end of the magnet Is negligible throughout . 
these observations, as is shown in an earlier ex|>erinient (Field of 
Single Pole by Magnetometer, p. 408). 

§ 2. Comparison of Maokktic Moments by Oscillations 

When a magnet is suspcmlec! by a fine fibre so that its axis 
hangs in a horiisontal position, in a magnetic field of strength II, 
the axis will assume a ccruiin e(|uilibnum direction. If the 
magnet be disturbed slightly from this ccpiilibnum }M)sitioii it 
will execute vibrations aliout it 

If the oscillations are small the time of each oscillation is the 
same — the vibrations are isochronous. The time depends on the 
form and mass of the magnet, and on the couple tending to bring 
it back to its equilibrium position. 

The time of a complete vibration (backwards and forwards) 
IB given by 

Hence if I and H are kept constant, the square of the time 
of vibration is inversely proportional to the magnetic moment of 
the suspended system. 
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2 iirH 4 ^i;h k 

“mh" m “ir 


where K is some constant 


‘4^5 

" li • 


If I Is not constant, is proportional to when the same 
field is used, . ^ 


Expt. 201. Comparison of the ICagnetic Moments of 
Two Magnets by oscillating them separately. — Suspend one 
of the magnets from a fine thread, so that it can oscUlate in a 
horizontal plane. Note its time of oscillation by taking 50 r 
complete oscillations when under the action of the earth^s fbld 
alone. Let this time be Tj. 

Remove this magnet and replace it by the second, allowing 
this to swing as nearly as \K>sii»iblc in the same posalion 
as the first. Take its time of oscillation as betoTet \&i 
this be T,>. ^ * * 

In inaldng them' oscillation ex|H*riments the twist in tlw 
thread must i)C taken out first by allowing it to untwbi undet 
a weight equai to tlu: weight uf the magnet to lie swspefidedt 
If this is not dtme the magnet will not oscillate about a norlli 
and south line : it will l»e deHi*cted from that line by the couplo 
duo to the twist in the susjicmding thnwd. The magnets 
should oscillate in a c1*mc«1 Im».\ with ghiss aides jm> that the 
oscillations can l>e obserytsl, aial the iiiotjoii shall uot be 
affected by draughts (Fig. 2I(J). 

The swings should be counted and timed as the ni.’ignef 
swings through its middle jiosition, and the angle of swing 
should not exceed on either side of this 2 >osition. ^ 


Then 


and 


Thus 


or 


‘ Mi'u’ 


T,» LM., 

iv“w 


Calculate and Ijj from the masses and dimensions of the 
magnets (see [»age 595 for the csdculation of Moments of Inertia) 
and determine M^/M^ 



426 


A TKXT-HOOK OK KRAlTKWL PHYSICS 


ri. V 


If flu* iiiagiu'ts ai\' similar in si/.i* ami sluvj»i*, am! «»1 tho Mime 
density, Jj = Ijj. 

Exrr. 20 ± Detenoination of the Batio of the Magnetic 
Moments of two Magnets by allowing them to oscillate 

together->Placc the two magnets 
together in a snitable stirrup (Fig. 
214) with their north [hjIcs j»oint 
ing in one direction. Susjxmd them 
from a thread from which the twist 
has U'en removt*d (p. t2o), and all(»w 
them to swing inside an OMuUatioii 
{hk\ in the earth’s field. 

Fio. 214.— OI»*it*rvr the peri^nl of swing in 
the usual way. Let this ]»•• Tj. 
Take oiit Min? magnet /the W(‘aker*), and n‘plaee it in the 
.stirrup with ir> a\i> reversed. Again t4ike the period of .swing 

Tie* MMMU'iil Mt Iin'ttLi c»t till' suspeiidtul '*y.stein is m>t altered 
l»y reversiin: niif of ilie luagin-is, Imt the niagiietie moment of tliu 
system in the flr-t ease <<pial t«' .M, - M , and in the seeniid ea.se 
.Nf.-M., M IhIul: the m.i^'netie immient nf the magnet whieh is 
rever'^d. 

>r _>r, 

'ly .M,’ . m; 

,, M, 17 +T,;-! 

an.l lion.r 

Tlie student sliould prose ihe-e re.sults f»»r himself. 



* Tin* * ss'eaktT ’ ‘’an Ik- t»efore tlif «-x|M;nnu*iil t»y any null'll innuiis 

.snrh sL-i tin* in turn nrar to a roinpa.ss iiiH-illc tlial liaving the 

siiialler etlect at the .same Uistanoe i> cvnleiilly tin; Wi aker. 



CHAPTER IV 

THE EARTH’S -MAGNETIC FIELD 

♦ 

§ 1. Specification of tiik Field 

Three quantities are necessary in order to specify com* 
pletely the magnetic field at any point, for any vt?ctor quantity 
can be clctcrntined if we know its magnitude and direction, and in 
three dim^iisioiis two quantities are required to fix a definite 
direction. The three quantities usually employed in defining 
the earth's magnetic field at any point are : — 

(1) The Horizontal Component of the mairnetic force. 

' (t) The Declination, that is the angle between the mag- 

netic meridian and the geographical meridian. 

(3) d'ho Dip, that is the angle between the direction of 
the resultant magnetic force and the liorizontal plane. 

We consider liere oidy the first and thinl, since the determina- 
tion of tlic Declination requires astrouomicid observations in 
finding the geograpliical meridian. So far as the magnetic 
observations arc concerned, the principle involved is exactly 
that in the experiment already describeil for finding the 
magnetic axis of a magnet and the magnetic meridian (p. 402). 

§ 2. Determination of tiik IIoki/ontal Component of 
THE Earths Field 

The method to be described, which is due to Gauss, is 
employed usually to determine the horizontal component of 
the earth’s field. It can be applie<l, however, to the determina- 
tion of any magnetic field which is uniform throughout a 
sufficiently large volume. 
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The method involves two sei)arato experiments, which of 
course must be done nt the same place. The fimt consists in find* 
ing the period of swing of a freely susjHitidcd magnet of known 
Moment of Inertia ; ajid the second in copiparing by means of a 
magnetometer the held due to this magnet with the earth’s liehh 
Before h'ijiminij the experimenis remove all iAti objeits from the 
neighhourhoo(L 

(A) The Oscillation Experiment. — If T is the time of one 
complete swing of the magnet, when O'^cillatiiig freely in the 
earth’sihorizontal tield 


T 


V,M1I’ 


(l>. ICl) 


where 11 - Horizontal C oinponent of the Kfirth’s Field, 
M = Magnetic Moment of the Magriet, 

I — Moment of Inertia of the Magnet. 

Hence » 


and thus MH can be ralcnluted iif (\<f S. unfts if I is know)|| 
Thebiir is a regular geonieti ieal "li.ipe, and hence its Moment 

of Inertia I cun 1 k 3 calculated 
from its mass and diinen- 
hions, Tf the liar be rect- 
angular, as is Tisnally the 
case, 

. 




1 



- -2^/- - 

1 




I 


where m is the mass of the 

Pw. Cl'.—Rwtongnlar Ji»r - , , , 

magnet, and << and o arc tlio 
half-lcngth.s of that face of the magnet which was horizontal 
during tlie oscillations (Fig, 2 IT)). 

For a bitr of any regular sbape« the rccpiired expression for I 
can be found from the Ap{)endix (p. 595). & 


Kxpt. 203. Determination of HH. — Bofoit HUH|)endingt 
the magnet 1)C sure tliat the HU.s]>endiiig fibn* is not twisted. 
To ensure this^ suspend in the stirrup a brass liar of the same 
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mass as the. magnet, and wait for the iSbre to nniwiat The 
motion of the bni^te bar must be checked eveiy^few rerolutions^ 
otherwise when the fibre is 
uiitwisted, the inertia of the 
rotating brass ]»ar will cause 
it to twist u[> ill the 0))]J0site 
direction. When the brass 
bar remains motionless when 
banging freely from the fibre, 
it should be withdrawn from 
the stirrup and the magnet 
inserted without allowing 
^tlie fibre to twist again. 

The magnet is then sus- 
Iiended from the fibre in a 
b<»x with glass sidrs so that 
the vibrations can lie counted 
and yet air currents will 
1 h^ excluded (Fig. lMG). 

The magnet must be 
allowed to .swing through 
inly a very small angle. 

])c*terinine the period of fio. 216.— OEciiiatJon 

vibration of the magnet by 

obs(*rving the time taken to make fifty complete vibrations. 

Weigh the magnet, deterinino its length and breadth, and 
calculate its Moment of Inertia I. 

Calculate the value of MU fnnn the formula 

(B) The Deflection Experiment. — In the second put of the 
determination, the deflection produced by the same magnet on 
the needle of a magnetometer is observed. 

The * end-on ' position is used, placing the magnet with its 
axis east and west, pointing to the centre of the magnetometer. 
Let 

21 = distance between jades of magnet, 

r =5 distance between the centres of magnetometer and magnet. 

The forop on unit magnetic pole at P is in the direction 
OP (Pig. 216 ) and is equal to F. As is proved in the chapter 
on Magnotomotry (p. 4 H), 
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The magnetometer needle comes to rest under the action of 
the two nuitually porpemlicular fields, F and If, in a j»osition 
making an angle 0 with the meridian, given by 


So 


or 


F 

11 


tail 0 , 


M !»/• 

r 


Ian 


>\ 

h 


r / 
2r 


tan 6. 


K.\i r. L’(M. Determination of M H. Sit up a maunn'to 
1M» t*’r .ih*l plan* th.- ni.igiwt ill tll<' *rnila»n’ pusitinM W'^ in 
K\pt. i '.»*•. I>i trrm5ni‘ tin- «»i r, /, .lud md falmlato 

till* M H. 

N^tr til It ‘Jf i^ tli»- di<tanc-i‘ brt\M*on tin* polfs of tin* magnet 
Vi' d, \shili* 1*'^ i' tip* di'^lamv liptw.-en its eml'^. pules are 

Hut e\.ietly at tile end*', ^u tli.it tlie.se di‘'t}iiiee> ar»' not exaetly 
• Mpial. We may a^uim* tliat the distatiee between the pole.s Is 
^ uf ih<‘ rliNtam*' In'tween tin* end' of a hal' magnet. 


We have now' found MU and M il. 

Lei Mil A 

ami M 11 15. 

Then M- Ar>, orM^ \ (A15) 

ii' " ycK> 

CalcuhiLe Maud H. 


g 3 . DKTKRMrNATION OF I)IP 

THE DIP CIRCLE 

The Dip Circle consists of a vertical circle graduated in 
degrees, carrying at its centre a long needle pivoteil on a 
horis^ontal pivot, so that it moves over the graduations of the 
vertical circular scale. 
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Tho scale and needle are enclosed in a box with glass sides, so. 
that the needle is not affoctc<l by draughts. The whole box can 
bo rotated about a vertical axis, the jx^sition of the box 
being indicated by a giaduated circle on the base of the 
instrument. 

To use the instrument, first it is levelled carefully to ensure 



Fi'j. 217. — l>ii> 


vorticiility of the oentriil a.vis. The ho.v is then rotated about 
this axis until the needle stands vertical. The plane of I'otation 
of the needle is now exactly at right angles to the magnetic 
meridian. To bring it into the meridian, the box is rotated 
abotit the vertical axis through 00", this being measured on the 
horizontal circle on tho base of the instrument. The noodle is 
now free to move anywhere in the magnetic meridian, and if 
perfectly constructed, it will take up a position along the earth’s 
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lines of force, and its inclination to the honzontal will 1>c the 
angle of dip. 

Kxpt. 205. Determination of the Angle of Dip. — lievol the 
instrument. Rotate the I>ox until the lu'cdle is vertical, and 
take the remling on the horizon till circle. Rotate the hox 
again till the reading is increased (or decreased) by 90**. Tlie 
needle now sets with its axis incliiuMl to the horizontal. 

On account of ixissible slight imperfections in the cronstruc- 
tion of the needle, the adju.Ntinent of the vorticjil scale of 
degrees and so on, the angle of dip c^anuot be relied upon to 
1x5 equal to the inclination (»f the needle, and the following 
series of observations must be made : — 

1. Having got the vertical circle into the meridian, read 
the pasitioiiH of Ixdh ends of tlu‘ needle. This gives two 
readings. 

2. Rotate tlie whok* bnx ISO’ abtmt the verlieal axis and 
again read both ends; this givrs two more readings. 

3. Remove the nct*tlU* and rcplact* it f»n tlie knife-edges 
supjx>rting the pivot, but with tin* ihhmIIo reversed kick to 
front, i.e, with the pivot reversed tiul for end. Rei)eat 
readings 1 and 2, that is to s;iy, read both ends and again 
rotate the whole box ISO' about tin* vt'rtical axis and again 
read lx)th ends. Tliis gives four more readings altogether. 

4. Remove the needle and remagiietisi* it witli the 
magnetisni reversed, and start at 1 again, rej»eating observa- 
tions as 1, 2, and .3, 

This gives eight more readings or sixteen readings in 
all. 

The mcfin of all th*'.'-e sixteen readings should taken ; 
this is accurately eipial t<i the l>ij» at the jdace where tlie 
expcriiuciit is j[H»rfonne(L 

For the theory of this experiment and a discusHioii of the tvjx's of 
errors avoided or correcU*d for by Liking this series of observations, 
the student is referred to a text-liook of theoretical physics. 

Precautions in use, — The needle must not lie touchefl with 
the fingers, nor should it k» brought anywhere where moisture can 
condense on it when kfing handled, it .should be handled with the 
forceps su]iplie<l. 

In placing it on the suiqKirting knife-edges it must Ixi put down 
gently — the pivot is glass-liard steel and is very brittle indeed ; the 

l( rawiiMf 

arc /ititrl (tut in a UUMtCt^ tbo ptVOt inUnt bo nUM^ ItOlU ibc 
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knifo-cdgc8 by these before removal from the box, and must be 
placed back on these before finally lowering to the knife-edges. 

Care must bo taken that the magnet is inserted with the x>ro|x;r 
end dipping (north end downwards in northern hemisphere), other- 
wise it may revolve several times and roll off the end of the knife- 
edges. 

In remagnetising the reverse way round, the magnet must not 
be rubbed with a magnet. If magnets are used, the needle must 
be fitted in a grooved pie<je of wood and the magnet moved over the 
Avood surface in the requisite direction. A solenoid carrying a 
current is preferable to all other means of reinagnetising the bar. 
The current ‘ is arranged to How in the required direction, and is 
switched on and off once or twice while the needle is held inside the 
solenoid. Considemble force vrill be exerted on the nt*edle in this 
process, and it must Ik* held tiglitly in the forceps while being 
reinagnotised ; otherwise it may be ]»ullcd out of the forceps and 
receive damage ia falling. 

Treat the instrumcMit throughout with the same care as that 
demanded in the use of an accurate balance. 
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1. Fiml tlu* ilim'tiou of tiu* axis of a 'in’ular steel 

niagncti'*i‘<l jiarallel to a diiiiiietoi . 

2. Make a Mirvey of tl»e laboratory, u>iiig a eom|iass lu'eillr to (U-ifiinine 
the presmee of north or ."outh inagiieiisiu in iron j»it»es, giniers, radiators, 
staves, ete. 

3. Plot the linos of force around <»nf j»ole of a long bar niagin t. Do the 
same when a piece of soft iron i-, placi d not far from the i)ou*. 

4. Plot the lines of force between the opposite poh‘Hc*r two tixed magnets. 
Do the ^ame \shen a piece of soft iron is pla<‘ed in the space between the poles. 

5. A<ljUNl the given magnet .so that the field ]*ro(liieed by it may exaetly 
neutrali.sc the horizontal comj>on« nt of the earth s lieM at a marke<l point. 

6. Place two long bar inagnet.s in tlu* luagnetii' meridian, with tlicir iioith 
poles ])oiiiting in opj*oMte direct ions and lb em. apart. Find the neutral 
point between them. Hence, neglecting the e.irtir.s field, eomtiaru their 
jjole .strengths. 

7. i’lart' the given bar magnet with its north j>ole pointing north, and 
find the neutral |»oints in it.s vieiniiv. (arefully nversi* tlie magnet .ind 
show by means ot an osi illating needle, tliat the lield at tliose ]toint<, with 
the magnet in thi.s jMisition, is twice ns strong as tlie earth's fie.hl alone. 

8. Magnetise the two given rod.s by jdacing them at the same time in a 
solenoid and passing a enireiit througli the .solenoid. Then compare their 
magnetic moments. Repeat the e.\' peri men t after lieating the rods to 
redness and plunging them into cold water. 

9. Plot a <*urve .showing liow the magnetic moment of the gi\en electro- 
magnet varies with the current {)as.sing through the eoil. 

10. Plot a curvo showing how the iiitpii.sily of the field of a magnet 
varies with distance along it.s axis, using a tangent magnetometer. Fiiul 
the magnetic moment of tlie magnet. H -O-lS.’i C.D.S. unit. 

11. r'irid how the intensity of the field of a magnet varie.s with distance 
along the axis, using an oscillating needle, and find the magnetic moment 
of the magnet. H = 0-185 C.G.S. unit. 

12. Find tlie ratio of the magnetic moments of the two given bar magnets 
without using a third magnet. 

13. Comjjere the horizrmtal comjioneiil.s of the magnetic fi»*ld at two 
marked fK>itjts in the lahoratory hy u.siiig a iiiagnetonictur and the .same 
bar xna^et in each is^sitiori. 

14. Find the magnetic moment of tlie given magnet. 

15. Place a short bar magnet in an oil bath so tiiat its temperature may 
be varied. By means of a deflection inagiietoineter obtain u curve showing 
the relation lad ween the magnetic iiionicnt of the magnet and the tiniipera- 
turc, both when the temperature is riaing and when it is falling. 
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CHAPTER I 

KLKCTKOSTATIC KXIM:UIMENTS 

^ 1 . iNTRUlirCTOKY 

Ckrtain bodies when rubbed with flannel, or silk, acquire the 
power of attracting light boflies. In this condition they are 
said to be electrified, or to carry a charge of electricity. • 

The electrification produced by rubbing a glass rod with silk 
differs frc»m that produced by similarly rubbing a rod of ebonite. 
There arc two kinds of electrification, vitreous (or positive) and 
resinous (or negative). Bodies electrified in the same way repel 
each other, while bodies oppositely electrified attract each other. 

If a brass rod is held in the hand and rubbed with flannel 
no electrical charge can be detected on the riMl. If, however, 
the rod is supporte<l by a glass handle it can be electrified and 
the charge ciin be detected. This may be explained by saying 
that the metal coiulucts away the electric charge, which psisses 
through the bcxly into the earth. The glass rod, if dry, does not 
conduct away the electric charge. Bodies which conduct well 
arc called conductors ; those which conduct l>atlly arc called 
non-conductors or insulators. Metals are good conductors, 
whilst glass and ebonite are insulators. 

In all electrostatic experiments it is of the highest importance 
to avoid surface films of moisture on all insulatoi'8. Such films 
seriously impair their insulating properties. A small tinplate 
oven with a double bottom, heated by a rose burner, is very 
useful for keeping the apparatus dry. 

AA7 
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§ 2. Expeuimexts wmi the Gold-Leaf Electroscope 

The gold-leaf electroscope is a convenient apparatus for exi>ori- 
nients in elect nxstatics. A simple form of electroscope consists of a 
glass vessel 'vith a Brass rod passing through the insulating .stt)pper. 
The top of the rod is fitted with a Brass Ball or ilisk, and a jwiir of 
gold leaves are attached tt» tlie lower eiul. If the leaves are given 
a charge the leaves will reiK*! each other and divi'rge. If the. 
insulation were perfect there would 1 h‘ no loss of charge and the 
leaver would remain incliiu'd at the .same angle indefinitely. 

Ill modern form.s of the electroscope, a single gohl leaf is 
used, attached to a still* strip of Brass or aluminium (Fig. 219). 
The deflection of the gold leaf may be measured by means of 
a scale fixed to a mirror (to avoid any error due to parallax), or 
by means of a micrometer microscope. 

Kxpt. ‘JOO. Illustration of the Laws of Electrostatics. — 

I. Touch the (li>k the rlectroM*ope with the lingiT .so as to 
remove any change it may po.ssexs. Kh*ctrify an el)onite rod 
)»y friction and Bring it nt-ar to the disk. The gold leaves 
.''hould diverg»* (.\, Fig. 2L^). Tin; (*harge on tin* eBunite 
induces a clmrge of oppf»Hite sign on tin* disk, and a charge 
of the same sign as tliat on tin* eBonite is rej»eiled into tlie 
gohl Ieii\o^, 

Try tin* .sime experiment witli a glass rod. 

II. To .^how tliat tln*n* are two kinds of eleetrifieation, 
Brinir up an el<*ctriti<*ii rBnnite rod as in tin; fii.st exj»oriiin*nt, 
ih-Ti Bring up an t-Ieetrifit-d glass rod. The pn*s»*n(*e of 
the Sfcond rharge diouhl diminisli tin* f‘lfBrt due to the fii>t. 
By suitaBly adjusting lln ir di.stain*e.s (B^ the two may Be made 
to nullify »vieh othei’> action.* 

III. Tile el'-etroM-opr may 1 m; charged By eomlnetion. Tlic 
f;lectrifle<l rod is Brought into contact with the* disk of the 
instrument (C) an<l shares j>art of its charge with the gold 
leaves. Thesf; reruain apart after tin* nnl has Been removed (1)). 

IV'. To charge the elect ro.sco]H; l>y induction, Bring the 
electrified hkI near the di.sk without touching, then tom-li the 
di.sk with the finger Bir a moment (E). Uemove the fing(*r and 
iiftfTwardi withdraw the rotl (F). The eIectr 08 C 0 |Kj now In'iirs a 

• A /(Jahh rrnJ which ha.«» hren p;»n-wil throijf'h a ttamfi nornetiriieM «hoWJi ii 

charge whew ruhJanL In thia ca.w the firiit Ueflcctioii iiicrcoacd. 
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cliargo, of the opjKmite kind 
to that on the nxl, for 
when tJic iinger touches 
the disk the eliarge of tlie 
Kline kind as that rm tlie 
rod is repel h*d through the 
lx)dy into the earth. 

V. To test the sign of 
a cliarge, charge the eftjc- 
troseopo l>y induetion as 
in the last experiment, 
using a vulcanite rod. 
Tlien bring up a glass 
rod carrying a positive 
charge, and noti<‘e tliat 
the gold leaves diverge 
farther. 

Next bring U[) the 
vulcanite rotl ; tlaj leaves 
will now collapse, the 
divergi*nce diniinisliing 
mon* and more as the rod 
gets ncart*r. 

if the rotl gets very 
ch^se, it uiai/ cause the 
leaves to colla2»se entirely 
ami then to open <mt again. 
It is left to the student to 
advance an ex];»lanatioii of 
this redivergem e. 

Now bring iij) a 
unchargecl body sin>[M»rted 
on uii insulating liandle. 
Then bring up an earth- 
coiiiicctc'd bod}” (the hand 
id the experimenter is 
suitable). Note that in 
both these cases the diver- 
gence of the leaves is 
diminished slightly al- 
thougli the i>CKlies are not 
cliargetl before Ku'iig 
brought near the electro- 
scope. 
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Fin. aiS. — E\)M*riraent9 \»ith Golil*I.^Af 
Eloctniscope. 
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It will 1)6 8een from this that although iwrmml divergeric© 
imlicak's a chaige on the body of the same Bign as that on the 
electrosco{)e| we cannot conclude with eertaintif that diminkhtd 
divergence indicates a cluirge of the opposite sign. 

To test the sign of a charge of any kind it is necemry to have 
two electrosi*o|>es charged oppositely. Tlic boily to be tested is 
brought up to each in turn. A positively charged body gives an 
increased divergence with the |a)sitively cliarged electroscope, but 
a diiuinished divergence Avith the eleclit)seo|)e negatively charged. 

A negatively chargcnl iKxly increases the divergence of tlie 
negatively charged elect i\»sco|h', but caust^s a liirninished divergence 
in the {)Ositively charged one. An uncharged body or an earth- 
connected IkkIv causes the divergence to bo diminished in each case, 

§ 3. SiMVLK Electuostatiu Al*rAR.\TrS 

THE ELECTROPHORUS 

The Blectrophonis consists of a plate of elx>nito (or resin) suj)- 
|K)rted by a .sole-plate of metal. On this plate of insulating material 
can be placed a metal disk provided with an insulating handle. 

When this disk is removed, a negative eharg«‘ is j)roduced U|)(jii 
the surface of the elxaiite by rubbing or flicking it with a dry 
oitskiii. The metal disk is tlien lifttnl by the insulating handle 
and placed on the electrified surface. Actual contact occurs ai endy 
a few points, while over the rest of the surface the negative eleetrU 
hciition on the ebc)nite induces a i>ositive charge on the op^iosed 
metal surface, and a negative cliarge is reptdled to the uj>per surface 
of the di.sk. On toiicliiiig the disk with the finger this negative 
cliarge esca|)es through the Ixxly to the earth, leaving the positive 
chai’ge ‘ bound ^ under the attractirm of the negative cliarge below 
it. If the disk is now lifted from the ebonite, it carries with it this 
|X)sitive charge, which may be afterwards shared with some oth(»r 
conductor. When the disk has I)een discharged by connecting it to 
some earthed conductor, it may be jdaccfl once more on the ebonite, 
and the i)roccsH reiH^ated. The charge on the eljonitc is not 
diminished appreciably in the o{>cratioiis, and if the insulation were 
I)erfect the process of charging could be repeated indefinitedy. The 
same principle is employed in the Influence Machines designed by 
Voss and by Wimshurst. 

Expt. 207. The Electrophorus. — Charge an electrojihorus, 
and use it to obtain a cliarge on the disk. Tost the sign 
of the charge on the disk by the method descrilied above. 
Show that it is {lossible to obtain sparks from the disk to 
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any earthed conductor {e,g. the kuucklo of the exjjerinienter) 
placed near it. 

FARADAY’S ICE-PAIL EXPERIMENTS 

For these experiments a nietiil can is ]»roviiled, which can be 
insulated by ijlaciii;; it on a block of jiaraflin or elioiiite. If the 
olec.troscojHi is jtrovhled with a suiUble ♦iat }»hite 
connected with the gold-leaf system, it is sim]»lc r 
to stand the ‘ice-pail ’ on this phitv. If the can 
is oit a block of eUmite or jjaraffin, tlum it 
should l)C connected by jin-ans of copper wire to 
the disk of the electroscojie. 

Exit. 20S. Faraday’s Ice-Pail.— Take a 
Imiss kill suspeiuled by a silk riblxm, or 
fitted witli an insulating handlt*, and chargt* 
it by means of an electrophorus or a small 
Wimslmrst inaehim*. 

Lower it iiit^j the ice-pail and observe 
the detiectioii of the gold leaf. If the 
charged ball is well within the mouth of 
the vessel, the didlcction will l»c the s<ime 
w'liatevcr the j»ositi()n of the ball. ICven if 
tlic ball is allowed to tomdi the inside of 

' the can the dellection will be unaltered. 

This agrees wdtli tlie view that a definite quantity of electricity 
ha's lieen introiluced into the vessel, ami that the etleet on the 
electroscojHj ilepeiuls only on tiu* ijuantlig inside the ve.s^l. 

We may make use of the ice-j»ail to determine whether two 
bodies are equally <diarged, and may tlieii athl tngetlier their 
cliarges (by placing them inside a hollow' conductor) so as to obtain 
a charge double the original charge. In the sime way we can give 
to the hollow' comluctor a charge which is any numlK.‘r of times the* 
charge of a given body. 

Expt. 201). The Induced Charges are equal and opposite 
to the Inducing Charge if this is entirely enclosed by the 
Conductor on which the Charges are induced. — riaoi^ the 
charged ball inside the ice-pail without allowing it to touch 
the sides, and obst?rve tlio detlection. Touch the ice-pail with 
the finger; tlie gold leaves will^collapse. Remove the ball, 
still earrying its charge, from tlie ]>ail. The deflection should 
be (‘qiial to the original one. The two charges induced w’erc 
e(|uai and opposite to each other ; one has k*i*u reinoveil, and 


( 
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Fn.. JlP.—Tca-Pail on 
Ell ctroscope. 



A TEXT- BOOK OF PRACTICAL PHYSICS 


rr, VI 




the other gives the obst'rvotl deflection. DMiarffe the mn and 
reiutrc^Kluco the Ixill, allowing it to touch the l)ottom. On 
removal it is quite uncharged ; it has given all its charge to 
the can. The tlettection of the leaves of th«' electrosi 0|>c.‘ is 
the same after the kill touches the bottom as before it toneltes, 
and is not altereil when the ball is reino. d. 

Exit. JIO. Equal and Opposite Quantities of Electricity 
are produced by Friction. — For this ex|M‘riment the uiI'Imt 

and the boily rubluMl must botli be in^ulateil. Hub the two 
bodie.s ti^i:etlioi\ holding them I»y the insulting handle?., ai d 
test e;n*h ono by introdin ing it into tlu‘ iee ^«aii. 'Then intr 
iluce the two toi^ftbei ii's the iee It tlie ehaigi s aie 

ox.ietly »>{nal and « ‘itiM .Nitr. im d» !ie(‘t I mu (vf the gold h-.r . '. 
sln*iild i»f oO>ei‘Vt/d when are Used, but t-aeli nlnnr gives 
a de?!eerii*ll. 

Me- d»‘Nerikd mu^t be ]*eif«»rnnMl <juiekly, as 

tle-ie nearly .ilw.iss a eerlain annmnl of leak.ige taking 
l»laee. 

Tn writing an aeeount ot tln’M' ehaMroNtatic ex|«rinn*nts tlie 
I’Osult'i obtain<d ,>h«‘Uld 1 m* d»*MTibed, and tin* ei>neluNjiMis to be 
drawn from tliem stated. It I- most important that the account 
should be illu'*trat**d by iliamMiU'. indie.iting the |M)sitious of <///»/ 
ehnV'hA un tlte* various pieces of a[»paialiis useii iu eacli of the 
various stages. 


t. CHAlOii: AND PoTKNUAI. 

* 

It is important to notice that the ddicction of tlic leaves of 
an electroscope does not necessaiily indicate the charge on the 
electrO''Cope ns a whole. The <Jellection indicates the jtofentidl of 
the electroscope always, ami may be taken to indicate its chanje. 
only when there is no oilier liody near to it. 

Positive electricity flows from points at higluT to points at 
loAver potential, if these points are connected together by a 
conductor. 

The test of potential is to connect the }>ody to eartli ; if it 
gives up positive electricity its potential was positive. If it 
rexeiees positive from the earth (or gives up negative to the 
earth) its potential was negative. If it neither gains nor loses 
electricity, it was at zero potential. 
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Expt. 211. Demonstration that DiTorgettce of a 
Oold-Leaf Electroscope indicates its PotentiaL — Case h 
Bring a charged gla’ss rwl to an electrowope ; the electroscope 
has induced u|)on it two equal and o[)posite charges. It is' 
uncharged on the whole, yet the leaves diverge. If earth- 
connected, positive electricity leaves the electrosco|>e and goes 
to earth, therefore the elcctroscojie was at a jiONitive potential. 
Hi* fore eartk rotniecting ity it was showing a divergence, yet it 
was iinvharged : tluTefore the divergence dot's not indicate the 
charge on the electrosctipe in this case. 

(’ask *J. Repeat tlic optTation of bringing a charged glass 
rod to the eltrtroscoju*. After earth-connecting the electro- 
sc4»p(‘, kecj) tlie g]as> rod still near. The electro<cope now 
has a negative cliarge. 1’he leave.> an‘. however, quite cli»M-d, 
therefore tin* di\erg<*in-e does not indicate t lie charge in this 
case there is /i con.siderahle charge, yet no divergence. 

<’ask .‘h Klectrifv an eh‘ctrosco|K‘ pcKsitively. and remove 
all bodies to a distjiiice. The leaves diverge, the elect ro.>co|>e 
has a j»ositiv(? charge : in this ca>e, therefore, the divergence 
may be taken to iinlieate the charge. 

Consider the jiotentials in the three cases. 

^ C’ask 1. A*-* already (‘Xpl.iined, the electn^oope had a jKt^itive 
potential though zero charge (on the whole). The leaves were 
diverging. 

(’ask 2. The electroscope liad a zero [Kdcntial (Udug earth- 
c(»imecte<l) although it had a charge. There was no divergence. 

('ask .‘b The electrosco}>e has a po>itive potential as well as a 
positive eharge. 

Thus divergence and potential go together, and we see that 
the divergence of the leaves of an electroscope indicates its 
potential. It only indicates the charge to//, when the 
electroscope is remote from other bodies. 

The divergence only iinlieates the magnitude of the potential ; 
the potential might lie either positive i»r negative for a given 
divergence. This can only be tested by other means, viz. — 

Bringing up a ])ositivo eonduetor the potential of the 

electroscope. If, therefore, tht? leaves diverge further, the electro- 
scope has a*positive ])otontial. If they o<dlapse a little it had a 
negative potential ; rahiug the potential ha\ing in this latter case 
the meaning diminishing its negative value. 
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CAPACITY 

When a charge ia given to an isolated conductor, the resulting 
potential depends on the size and Bha])e of the conductor for 
the same charge, the larger the conductor the lower is the 
potential to which it is raised. The Capacity of a conductor is 
defined as the charge required to niise its {nnential hy one tniit.^ 
When a second comluotor is brought near the first, the jxitential 
of the first is diminished (p. 430). The effect depends on the 
size of the second conductor, and if this be earth-connected the 
effect is usually very large, being virtually equivalent to making 
the eiirth form i>art of the second conductor. Such an arrange- 
ment forms a Condenser, whi^ h may be defined as a system of 
conductors placed so that the caiya<‘iiy of one part of tlie system 
is iucrciiscd in consequem o of the pioximity of the other part. 
The capacity of a condt*n>er is nuMstired ]>y tin* chargt* re(|uired 
on the first part to increase the ditrereiiec of jK)tentud between 
the two parts by one unit. 

THE CONDENSING ELECTROSCOPE 

The condensing ele.ctroscope is an ordinary gold-leaf electro- 
scope fitted with a disk of a .si/e rather larger than usual. A 
second di.sk of the s;iinc size ;is the eh^ctroscopc disk, and 
mounted on an insulating handle, is laid on the elrctroscopc 
di.sC! The disks arc insulated from each other hy a thin coat 
of insulating varnish spread over the iqjper disk. I'hc two 
disks con.stitnte a parallel plate condcn.scr, and when the upper 
disk is earth -connected the electroscope becomes a conductor 
of considerable capjicity. That is to say, it requires a co?isidcr- 
ablc charge to raise the potential of the electroscope to unit 
potential. If, therefore, the electroscope is connected to any 
apparatus which is maintained at a constant iK)tential, it will 
take up a charge much greater than it would take up if the 
earth-connected disk were not upon it. 

It may happen that the poteq^i<al to which it is thtis raised 
is insufficient to cau.se an appreciable divergence of the leaves, 
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the existence of this electric potential would be undetected 
by the electroscope when used in the ordinary way. 

If, however, we charge up the condensing electroscope while * 
the upper disk is present, we obtain on the electroscope a * 
charge of considerable magnitude, though the potential is too lowf^ 
jg^to affect the leaves. On removing the wire connected to the 
electroscope disk, and immediately afterwards removing the earth- 
connected disk from tiie electroscope, the electroscope becomes 
a conductor of small capacity. A charge which gave it a certain 
potential before will now give it a potential a great many times 
larger. Consequently the leaves miiy be caused to diverge now 
by the charge on the electroscope, although the same charge was 
insufficient to affect the leaves when the capacity was greater. 

Expt. 212. Use of a Condensing Electroscope to detect 
the Positive and Negative Poles of a Cell. — Ktinove the 
upi»er cli.«5k from the elect re.sco|)e, ami t4)iu*h the cap with a wire 
connected with one pole of any Voltaic cell, tin* other pole being 
earth- connected. Notice that no divergence can he observed. 

^ Place the insulated <lisk on the elect r«)scojH^ disk and agaiir 

touch the cap with the wire, the upi»t*r disk Inking earth- 
connected while the wire is touching the electroscope. Re- 
imivi^ the wire — no divergence is oh-^erved ; reimne the upjK'r 
disk — the leaves op<Mi out slightly owing to the larger potential 
l)ro<luced by the jto/wc charge, now tluit the capacity of llie 
electrosco})e has l>een <Ununished. 

Test the sign of the cliargo, using a vuleanite rod X)r a 
glass rod. 

Repeat the e.xiieriment with the other jxile of the cell, 
meantime earth-connecting tlie pole previously used. Show 
that the charges obtained from the two polos of tlie cell 
arc opposite in character, and that the zinr is negative in 
all cells in which a zinc plate is used. 

Test the signs of the jx)les of an accuimilator to see if they 
are correctly marked. 

No I K.— According to the view generally acct'pted at the present time an 
electric ciiargc is due to the aihlitiou or removal of small discrt'te ^larticles 
of negative (I’esiiioiKs) electricity. These negative electrons or corpuscles 
(p. 547) consty^utc the electric tluid in the 'one-fluid' theory of Franklin. 
In this book positii^ (vitreous) electricity is spoken of in a conventional way 
as flowing tlirough a conductor 4||pm points at higher to |X)ints at lower 
potential. A flow of positive ol(5tricity in one direction may bo regarded 
AR Aoiiivalont to a flow of negative electricity in the op}H)site direction. 
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^ 1. ('HKMP'AL (iHMiliAlloN 4>K KhKCTIJiriTY 

It can br sh^wn In* moiui'i of :i oomlerKiiii^ elect n^scope that 
when two of any ts^o diHen-nt metals aie iiiiinerst'd in the 

.same ^e'.•;el of aiinovt any liqtiiil, one plate will aopiire a liij^her 
potential tiian the utlnw. When tlu*M» two plates are eoniK*cte<l 
itfnrJu hy a \\ire. a diM-hayuo* naturally Hows fn>m one 
plate to the other in < on>e<|nenee of their diirenuieo of potential, 
hut the two plates aie not (li- 'hai'tjnj as a result of this. If the 
wire eoimeclin^ tliein is removeihainl the plates jin* again tested, 
they will he found to give a potential difVerence a.s before, the 
cdoctHiscope usually heifig insuHiei»uuly sensitive to deteet any 
slight cliflereiiee whirh may exi.st ]>etweeir tlie present and 
former values of this IMh 

Thus when the plaU.-s are ])laeefl in this li<piid, tlierc is a 
continual renewal of the charges on them, Jis a result of the 
chemical action in the cell. If a win* is emineetcd permanently 
to the two poles, a rontifimniti <lischarge or a current of electricity 
flows through the wire. 

By experimenting with various forms of solutions and 
different kinds of plates, certain specially active nils have been 
invented by different experimenters. 

In the simple cell of VolUi, plates of copper and zinc are 
immersed in dilute sulphuric aci#(] in 10). The zinc ]>1ate 
tends to dissolve in the acid in accordance with the equation 
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Zn + H 2 S 04 «ZnS 0 , + 2E 

This is typical of the action in other primary cells. 

To prevent the polarimtion (p. 481) of the cell due to the 
film of hydrogen formed at the copper plate, some dejxilarising 
litjuid may 1)0 employed. 

TARrf.ATKi) DKscKirrroN of somk Pkiwakv Ckli.s 
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The elerironiotive force of a cell is equal to the energ}^ 
drawn from the source and dissipated in the circuit when unit 
quantity of electricity Hows round the circuit. 

Tlic practical unit for expressing elect romoiive force (E.M.F.) 
or IM). is the Volt, which is IC't'.G.S. units. The International 
Volt is realised experimentally Ly taking the E.M.F. of the 
AVeston cadmium cell as 101 811 international volts at 20' C. The 
E.M.F. of the Clark cell is l volts at la C. 

Care of Cells. — The pfur* /* of a cell, or the rate at which it 
can supply current, is limited hy the size of the plates, by the 
rate at which the necessary chemical actions can uke place, and 
hy other properties such as Internal Kesistance, which will be 
discussed later. If a cell is overworked l)y shurf-nreuififfij, i.e, by 
connecting the poles together by a short piece of metal even for 
a moment, it will be more or less mn-doicn or ptlarhed, and will 
not work satisfactorily for some minutes, if indeed it is not 
1 1 a »n ii tTf »f 1 n er m a n ei 1 1 1 v . 
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It 13 therefore important to ayoid overworking any cell 
in this way, especially a secondary cell or accumulator. An 
accumulator is maiio of plates of lead loaded with 8i>ongy lead on 
one plate and with lead peroxide on the other. Any inomentanj 
overload causes veiy rapid evolution of gas inmle the iilates i\s 
well iis at the surface, and the plates Imcklc, or the Joading is 
blown out fnmi the plate. Thi.s means that the Accumulator is 
severely ilainaged, and if the j)roces.s is repeated may be 
ruined entirely. 

It is more wanton childishness to ruin these expensive cells 
and thereby diminish the eflieiency of the laboratory for tlic 
sake of seeing a momentary flash. 

g ± Thk Ma<;ni:ti<* ArnoN of Kli’ctku’ CricKKNTs 

In 1819, Oersted diNCOvered that a magnetic nct‘dle was 
deflected when placed near a wire carrying an electric current. 
The magnet tciuU to .set itself with its axis at right angle# to 
the direction of the curn'iit. The current gives rise to a 
magnetic field in the surrounding .space. In the case of n long 
straight wire the lino.s (»f magnetic force take the form of circles. 
The centre of each cin le is a point in the wire, and the plane of 
the circle is perpendicular to the wire. 

SupjKjse the ware is at right angles to the plane of the 
paper and that the current is flowing into 
the pap»T at the point A. Then a positive 
pole would be urged round a circle, centre 
A, in the clockwise direction. A con- 
venient way of expressing this result is 
to say that if a right-handed corkscrew * 
is screwed so that its point travels in 
the direction of the current, the direc- 

Pio. 22 o.--Lin «8 of Force tion ill which it is turned (or the direction 

du#* to ( urr**nt. , i . . . v . 

in which the thumb moves) gives the 
* direction of the magnetic force. « 

This result should be tested in a number of different cases 
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bjr examining the action of a current on a small compass needle* 
Connect the ends of an insulated copper wire to the terminals 
of a battery composed of one or two Danicll cells, and observe 
the deflection produced when the wire is placcd^ in diflerent 
positions with relation to the magnetic needle. Verify the fact 
that when the wiie is doubled on itself, or twisted together 
so that tlio ciureiits in nciglibouring jK>rtions are in opposite 
directions little cflVct is prfsluccfl on the compass needle. 


K\i*t. 213. Construction of a Simple Electromagnet. 

Wind an iii.Milatc<l copjK^r Mire round a bar of .Si>ft iron so as 
to form a spiral Minding round th(‘ bar. Connect the ends of 
the wire to a hatt4*ry, intnMlucing resi^tince in the cirruit if 


necessary. The iron Mill be 
magnetised by the niagn* tie 
held due to the current, and 
the system forms an electro- 
magruet. If a <ork>creM' 
Mere turned so tliat the tliuin]> 
folloMvd the direction of the 



1 ii». J-'l —eon-tniction of 
hltH IruuiagiiHt. 


current round the turAs ol the spiial, the point of the cf*rk- 
screw Mould advance in the direetion <»f the Jims of magnetic 
force. The lines of inagneti<‘ force run through the iron 
har from the S. pole to the N., coiiNetpicnfly the end M'hcre 
the point of the screM’ Mould enter the iron is the S. pole, and 
the end where the ]»oint of tlie siTeM' Mould emerge is the N. 
I»(»Ie. Te'^t thi'< result Mitli the Ciunpa'^^ needle and examine the 
])OMer of the electromagnet of attracting small pieces of iron. 


Testingr the Sifirn of Battery Poles. — The foiegoing results 
may bt* applieil in order to determine the signs of the poles of 
a battery or other sourct* of current. A current is jmssed from 
the source through a length <»f Mire, taking ]»roper precaiitioHs to 
avoid excessive eurrent, and the direction in mIucIi the current 
fioM's is determined l»y one or other of the methods just descried. 
Hemcmhering that tlu» current is said to floM’ from the -f terminal 
through the external circuit to the - teimiiml, the sign of each 
terminal can iiume<liHtely ho gi\tn. 

Tbp signs of the terminals can also K' determined by examining 
the chemical actions produced by the curi-ent. This question M’ill 
bo dealt with in a later section (p* 588). 
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§ 3. The MAGNKric Field dub to an Electric Ccrrent 

IN A STR.VKJIIT WiRK 

It has been pointed out al)ovo that the lines of magnetic 

force due to a current in a long straight wire are in the fonn 

Current oirclos. Eaoh circle has its centre at a 

>1^ |X)int on the win*, and the plane of the circle 

is perpendicular to the **irf\ I’he diivc on 

of the inugnciic force roaiul the circle, . nd 
I N . , 

the dircetion of the cnnvt t are rclaled in ho 
same way as the directi<Mis oi rotation ; id 
translation of a riyht hamli-d screw'. 

At a p<»iiit w)n*re the lein^lh of the por- 
Foi. e'::, - o pendi<‘uhir ilrawTi to tlie wire i^ r, the value 

F-.uv.i -MM a (,{ (lie magnetic forec is 2(’ /*, where C is the 

CiUi'M, ^ t • 1 i A* • 

current strength in electromagnetic units. 

For a definition of the electromagnetic unit of current see 
the theory of the tangent galvanomci»*r (p. 

In an actual exjieriment wa* have to consider the magnetic 
field of the earth as wall as the held due to the current. 
It is convenient to arrange f(»r the wire to he vertical and, 
ignoiing the vertical c<ini|Kment of th(‘ earth’s field since this 
has no effect on a horizontal neerllc, to trace lines of magnetic 
force in a horizontal plane. 

The lines of force may he traced hy means of a small compass 
in the same way as the lines of force due to a permanent magnet 
are traced. 

i 

Exct. 2U. Plotting the Magnetic Field of a Straight 
Current. — A convenient apparatus consists of a largo rect- 
angular franiew(jrk witli a covered copi»er wire passing several 
times round the frame so as t<j multiply the magnetic ctfect 
of the current (Fig. 223). One end of this W'ire is joined to 
one terminal of a small aciMiinulator, tlie other to a key. 
Tlie electric c'irciiit is cr»iiipleted hy connecting the' otlier 
terminal of the accumulator to tlie key with a sliort length f»f 
platinoid ware. If direct current is used for lighting the 
laboratory, the current may he taken from tlie mains, using 
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n in Herien with the apjiaratus to adjust the strength of 
the current (p. 588). 

Place the frame mth the vertical sides close to the edge of 
n table and arrange the horizontal drawing board so that it 
rests securely on the table. 

Trace the lines of force due to the combined fields when 
the current is flowing cither downwards or upwards. Pay 



Fn;. yjt Cun cut. 


sjiecial attoiition to the lines of force (1) close to the coil and 
(•J) near the ‘ncutrar point. 

Having found the position of the neutral point as accurately 
as ]iossil)le, measure the distance r from this pt>int to the wire. 


At a distance r from the wire the magnetic force due to the 
current is 

„ 2/iC 
1 * = ” » 


where n is the numhor of wires down the side used, each wire 
carrying the same current, C electromagnetic units. 
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This nuiguetic force is balanced by the horizontf^coniponont 
of the earth’s field, Hs>0*185 ganss in Great Britain. 

, Hence « 0*183. 

V 


Calculate the value of C, the current in clectroinagnctit? tinitn, 
and deduce the value in ain]>i»rea (one electromagnet ie unit Li equal 
to 40 anii>ere*s). 


VARIATION OF THE STRENGTH OF THE MAGNETIC FIELD 
CLOSE TO A CURRENT FLOWING IN A STRAIGHT WIRE 

It has been stated already (p. 450) that the strength of the 
magnetic held due to a current in a long straight wire is 
given by F = 2C.r at a iH)int tlistant r from the wire. 

It is possible to show that F is inversely proportional to the 
distance from the wire by cither of the methods previously 
described for comparing tlie strengths of magnetic fields. 

Exit. 215. Variation of the Strength of the Magnetic 
Field due to a Straight Current using a Magnetometer.— 

l*laee the wire vertically as in the previous exjieriment, and 
draw a horizontal line jmssing through the wire in the direction 
of the magnetic meridian. At sumt* distance r from the wire 
along this line place a magivtometer, and note th*^ deflectifm 
6 prcHlueed in the injtgm*toiii»*t»‘r when the current is Howing 
in the wire. Do tills at various distances from the wire, and 
arrange a tabic showing corres[>oiiding values of >*, 0^ Ian 0^ 
and r tan 0, 

The field due to the current is east and west at any jioint 
north or south of the wire, and hence the strength of the 
field is proiKirtional to tan 6. Th** la.st eolumn, r tan 0^ will 
be found constant, and hence tan 0, or F, is luoportional to I Jr. 

Expt. 216. Variation of the Strength of a Magnetic 
Field due to a Straight Current by plotting Lines of Force. 

— This method is virtually the wiiiie as that of Expt. 215. 
Instead of using a magnetomi’ter to obsiTve the defieetions at 
different points along tlie north and south line drawn through 
the wire, the field is plotU*<l at different i»oint8 where it crosses 
this line, using a coiii{ias.s nccnlle for this pQ.rf>osc. The 
tangent to the line of force where it crosses the north and 
south line is drawn, and the angle between this tangent and 
the north and south line is the angle $, 
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Thfs is measured with a protractor, and a table drawn up 
$4 in Expt. 21$. 

Suitable dMances are 5, 6, 7, 8, 10, 12, 15, and 20 cm. 
from the wire. 

The Method of Oscillations. — Imagine a line passing 
magnetic east and west to be diawn through a vertical wire 
carrying a current. The field F due to the current in the wire 
at any point in this lino is either due north or south ; hence 
on one side of the wire the strength of the total field will be 
F + while on tho other side it will be the difference between 
F and being tlie horizontal component of the earth’s field, 

A short heavy needle (j>. 120) could be placed at some 
point on this east and west line, and its period of swing 
observed before switching on the current, i.e. the period of 
the needle could be found in the earth’s field alone. Let this 
period be Ty. 

Tlien 'IV’= or U^ = ,p , 

■‘u 

If the current were switched on, the l)ehaviour of the needle 
would depend on its position and also on the direction of the 
current. On one side of the wire it tvould start to swing more 
rapidly than in tho earths fiehl alone, and with its poles pointing 
in the same direction as at fii^t. On this side, the field of the 
airrent and tho field of the e.irth assist etich other. On the 
other side the two fields .are in opposition, and the swings w'ould 
be slower than in tho earth’s field, or tho needle might be 
reversed. If is stronger than F the needle swings less 
rapidly, but if F is stronger than Hy it is turned completely 
round. 

It is important that the needle should be used on the side 
whore the fields jissist each other: in very weak fields the 
torsion of tho fibre has a greater preentage effect than in 
stronger fields, and as we take no .account of tho torsion, the 
error duo ^ it is correspondingly increased. In tho following 
discussion it will be assumed that the needle is placed on the 
side whore tho fields assist each other. 
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The strcrij'th of the eoiiipo^sito field at any pn ut f»fin{{ II, 
and the period T, we have 


and also 
Hence 


H - 1- + 


H- 


0 

,p. 


F 


H-II, 




Now if F is projx»rtional to 1 V, avc shall have ~ F^r, - F/jj, 
etc., taking F^, F.^, F^, etc., as the strengths of the licld at 
disutneos etc., frt)m the wire. 

If the corresponding i>crio<.ls of uscillatitvn are T,, Tj, t‘tc., 
we can write 




1 1 

T.;-'/ 


c/ A 

^ nv 



etc., 


and therefore we can show that F.,/.,, cle., i)rovided we 

show that 


( 


( I 

nv 





Clr, 


The constant (’ occurs in each 1 ‘Xpn‘s.^ifin, and therefon; can ho 

cancelled throughout, and we .‘ihall have proved F proportional 

I , f I 1 t . 

to ~ if we show that r is conslanl. 
r U- ly“j 


Fxpt. 217. Variation of the Strength of the Magnetic 
Field due to a Straight Current by the Method of Oscilla- 
tions. — Place the wire in a vertical position ; clraw a line 
passing magnetic east and w'est through the wire, and measure 
off different distances along the line, siiy 5, 0, 7, 10, 12, 15, 

and 20 cm. from tlie wire. 

Place a small oscillating needle (p. 420) at some poitit on 
the line and determine its |Kjriod of oscillation before switcli- 
ing on the current. Call this 

Switch on the current, observing tlie beliaviour of tlio 
needle when this is done. If the needle swings more rnpidly 
tfian before^ and still points in the same direction, the experi- 
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nuMil may 1«; |)roct!» ‘fieri witli ; if vut^ reverse the flirerfion of 
the ' iirreHt tliroii;'li the win*, wljoii tin: n(*uflle will be found to 
as in the jL•arth^s alone, but will swing more rapidly. 
Til'* ne(‘(]le is now oscillating in a field of strength H, which 
is the .sum of tin; stnuigtli rif the fiehl F due to the wire, and 
the horizonbd component of the earth’s field H„. 

Place tlie needle at eacli of the priints marked along the 
east ami west line on this side of tlie wire where the two 
fields assist eacli otljer. Observe the perio*.! of oscillation in 
each i>osition. 

Arrange the results of the ob.servations as follows : — 

Period of needle in earth's field, Tqs . . . aec. 


Disfanri* from 

P*tu 4 c»f 

1 

T-** 

1 1 

/I It 

wire in i*ui. 

iie»*<Ile in .h»*c. 

T. 


5 





6 





7 





S 





10 





J ll 

'JH) 

‘ 1 

1 




The la.^t eoiuiiin will be found to bo constant, thus showing that 
tlio inagnetie I'oroe flue to a current in a lung straiglit wire varies 
invcrsclv as the di>taneo from tlie wire. 


§ t. Thk MAtiXKrrc Fikli) duk to a Ciroulau Coil 

CAUKYIXG AX ElKcTUIC CT’RIIEXT 

It has been sliow ii that an electric current sets up a magnetic 
fiehl in the surrounding s{).ice. An important case is that of a 
circular coil of wire carrying an electric current. The lines 
of magnetic force at all points in the plane of the coil are 
perpendicular to that plane. At any such point inside the 
circular boundary the direction of the line of magnetic force is 
related to the direction of the current in the same way as the 
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tlircctiuti of traii-slatioii to tlic direction of rotati 'ii of a rij;ht- 
hamlcil screw (Kig. 224). 



Kxrr. 218. Plotting the Magnetic Field of a Circular 
Coil carrying a Current.— A cunvenient for this 

e\|>oriiiK‘nl consiNts of ii cinailar c«5l 
fixed witli its plime at tin* rentn* 

of a horizontal Uiiinl. 'Plio Inmrd is 
rtiisod from the heiu h s** tltat its jiiune 
cuts the coil ut‘ro.>s a lioii/.uiital dia- 
meter. Drawing' paper Is fixed down 

to the Iwiard with pins, a slot Iwdng 
cut in the i)a|H?r to ulU>w it to 
over the top of the eoii, and the lines of 
force near to the coil are traml with a 
coiii|>ass-noedle ^ the same way as the 
line.s of force duo to a |)criifhneiit magnet are traced. 

The lines of force will not repre.s<Mit the fiehl of the coil 
atone, but the comjxxsitix field due to the coil and tlie earth* 
Arrange the ap|»amtus so that the plane of the coil is in 
the magnetic meridian and send a current through ' it from 
accumulators or from some other coasfo/if source of current, 
adjusting the current by meaUvS of suitable resiHtunee.s to a 
convenient Vcalue.^ Tran* the lines of force whi*n the current 
is flowing round tlie n»il, |Hiying .special attention to the lines 
of force (1) cloM* to the coil and (2) near tlie neutral point.s. 


Fio. *2^4.— Majsnttlc Forc« 
doe to CireuiAr Cumnt. 


Expt. 219. Variation of the Strength of the Magnetic 
Field due to a Circular Coil with the Distance along 
the Axis. 

(i.) By plotting Linos of Force. — If in the foregoing 
exiieriment the coil is plae^ d with it.s ]>lano in the magnetic 
meridian, the field due to the crcul at all jxiints along it.s axis 
wilt eait and 'v\e.>t. The actual liuld is conijiouiuietl of 
the field of the coil and the horizontal eoinponent of the earth's 
field, and therefore the lines of force* at points along the axis 
will not be oxaetly eu-t and we.4, but will be imdined to this 
direction at greater and greater angles as the distance from 
the coil i.s increased. 

Find the angle Viotween the lines of force and the magnetic 
north at several points along the axis of the coil, by tracing 


^ Current from the lighting mainii can )fe u«ed conveniently for this experi- 
ment wherever direct current Lh aupplied ; a lamp reeistanco suitable for adjuntiug 
the current to the reouired value is described on o. 588. 




CH. u CUHKENT KLECTKICIT^ — INTRODUCTORY 457 

tlie liin'h for a 8hort dLstiinco as tlicy cros« the axis at theite 
poiiiH. Choose the tiulnts at the distances from the coil 
inditMtecl in tJic first coluiun of the following table. If the 
iirigh; iK^tweeii the line of force and tlie magnetic north ia 
6 , tlir strengtli of the field F due to the coil is proiiortional 
' to tsn 0 . 

'J':»bulate the results as below : — 


from 

coil uloi!^ 


iat) 9. 

7*5 CIJI. 

10 

12-ri 

15 

5^0 - 

2S and SO 




Plot a curve showing the variation of tan $ with distance; 
Tliis indicates the way in w'hich F varies with the distance 
along the axis. 

(ii.) By use of a Magnetometer which can slide 
along the Axis. — ^The most convenient ty^xi of apparatus to 



Fi«. 225.^t«w»Tt *nJ Gec.TXui^uut Galvaaomeler. 

use for this ])ur}>ose is a tangent galvanometer of the Stewart 
and Qo© i>atterii (Fig. 225). Set up the coil with its plane 
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vortical an<l i>aralloI to itirrMiati, using tli« lunll** of tlu; 
inuguotometer to make this atljustincnt. 

8oiul rouml tho (hhi wire coil a current suiliclcnt to give 
a detlectiou of 75^ or 8lV when the iniigiietoni*-tcr needle in 
exactly in the i>lane of the coil : keep this current constant, 
♦Slide the magnetometer Ik)x along the axis hy steps of I dn., 
and note the reatliug of the magnetiuneter at each dist4iiico. 
Continue this motion as far as tlie apparatus will allow, or 
until the (leriectioti is retluced t*> 5''. 

Kepoat the measurements on tin* <»ther side of the coil. 
Tabulate the results as below : — - 



li. 

iK-rti'Ct J.'-l 





oth* r —.M** 

t.iii 

t:i!l 6 ^. 

..f. 




■ 

\ 


\ 


Plot a 'vUiNv the Illation oi tan 0 on 

of the Coil. 'riii> tuive slmuhl be iiimet rii'a! and should 
liavc a inaxiinuin \aiuc when litc iieeille is at tlie centre of 
the coil Us If. 

Thi*< method is prefe rable t<» tin* method (i.; wliere tlie tield is 
plotted, as it enabi» '> tie- leading- to be carrietl on right up t»» 
and i}ir>>u*jh the middh* of the eoil. Method (^i.) iini>t pi rfom- .stop 
near the plane of tiie tnnh*ss tin* <*» nti»* i- eut out;, and the 
mea.surements near to tie- eoil aie not very accurate owing to the 
rapid curving of the liia s Ihereubolits. 



CHAPTER III 


APPARATUS FOR THE MEASUREMENT OF CURRENT 

§ 1. Thk Tangent Galvanometer 

1>Y niciins of the tangent gah aiiomcter we can measure the 
strength of a current in absolute electromagnetic units (C.G.S. 
units, (lelined lielow). Since one ampere, the practical unit of 
current strength, is defined as one-tenth of the C.G.S. unit of 
current, it is then pohsihle to express the strength of the current 
in terms of tlio anipeic. 

The tang<mt galvanometer is said to he an absolute instru- 
ment, because its indications^ can be reduced to give the value of 
the current in absolute or standard units. As it is designed on 
linos derived by theory imlhiflnus cannot he pruvuleJ 

the conditiousi (h inainh il laj arc dafi^jhJ. The tangent galvano- 
meter is thus the standard instrument for the measurement of 
current, and the calibration of all other forms of current meter 
must bo made using a tangent galvanometer as the standard for 
comparison. 


THEORY OF THE TANGENT GALVANOMETER 

The C.G.S. unit of current may be defined as that current 
which flowing through a wire 1 cm. long bent into an are of 
a circle of 1 cm. radius produces a force of 1 dyne on unit 
magnetic pole at the centre. 
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If «*i current of C units l)o flowing through I cm. of wire 
bent into an arc of r cm. radius, the magnetic force at the 
centre is 




/C 


The direction of the force is perpendicular to* the plane of 
the circle, and is related to the direction of the current as is 
the direction of translation to the direction of rotation in a 
right-handed corkscrew. 

If the wire forms one complete circle, I = 2rr, hence 


F = -V X C - . 

r- r 


For a circular coil containing » turns, the force is n times this. 
In the simplest form of tangent galvanometer a circular coil 
is placed with its plane in the magnetic meridian so that when 



Firj. 226.-~Tangont Otlvauoiueter. 

a current flows through th^ coil the magnetic force due to it is 
at right angles to the meridian* A magnetometer is J^loccd at the 
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centre of the coil, the needle of which is acted on by this force 
F^and by the horizontal component II of the earth's field. 

These forces being mutually perpendicular, the needle will 
be deflected from the direction of the earth's field through an 
angle 0 such that F = II tan 0, see p. 407. 

If the galvanometer coil consists of n turns, 

F = - 


But, since 
we obtain 


V=}1 UilX 0, 


277nC 


= II till! 


0, 


or 


Hr 

C — tan 0, 

27r)i ' 


Since H can be measured in C.O.S. units (p. 459), this 
c<ination gives the current C in terns of quantities which can 
all be expressed in (.\Ct.S. units. 

The form of the tangent^ galvanometer is sometimes more 
complicated. In the general c?ise 

F = GC 

m 

G is called the galvanometer constant. 

If C is unity, G = F, Le. the galvanometer constant is 
numerically equal to the strength of the magnetic field at the 
centre of the coil when unit current is fiowing through it. 

Then G = ™ t;in 0, 

VT 

or C = K tan d, 

where K is called the reduction factor, or simply the factor,^ 
of the galvanometer. 

When 0 = 45'\ tan ^ = 1, and C = K, or the reduction factor 
is numerically equal to the current required to produce a 
deflection of 45®. 


^ writers call K the coihstant of the galianoineter. As K is not coustaut 
this cannot be recoin mended. 
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K\rr. 220. To set up a Tangent Oalvauomotor and to 
measure a Current in Absolute Units. I’l. i* tin- 
mottM* in snvh a |Kvsiti<>n that tin.* point* r nf icr in tho 

magni'ttkinvtor 1 h)X at the centre of the coil ii< rihm^ thr 
//««? of the magnetometer .scale, ff tin.* instniii.'Mil is properly 
designed and correctly made, the coil will now 1 m‘ uxai tly 
over the neetlle, the plane of the coil being tln*ri‘fore in the 
magnetic meridian. 

in some forms of tangent g;dvanomcter now on the mailcot 
the magnetometer Ih>x has no arrangement tittcHl whereby it 
can Ih? tixed relatively to the coil. In this case, lM»foi'e any- 
thing else i.s done, the zero line innst l>e .s<‘t as accurately 
as may l>e along the axi< <»f the coil, and care mn.st K' taken 
to prevent it from Uung nn^ved during tht‘ experiment. The 
adjustment givi n alK>ve must next Ih‘ made. 

Adju'^t tile level of the in>tntment so that tin* ncedh* 
swings freely. S(md a current thnuigh one euil of the 




in>tnuniuit froiit a 
D.tiiiell C‘el), p):n iiig a 
in sejii - .^o 
> to gi\e a delleet ion 
bet\Neen -hi and *><> . 
I’-e a Commutator to 

reserse tin* ilireetioii of 

tile current. Kea<l b**th 
ends of the, ne<‘dlc‘, 
with the enrnuit th»\v~ 
ing lir>t in one direc- 


tion then ill the other. .\IeaMire tin* radius ot the c*oil .as 


aecuralely n.y po--ihle and count tin* iinm)»er of turns through 
whieli t)ie current uas tltiuing. (’a)enlate tin* slivngth of the 
curri*nt in absolute unit>, and also in amperes. 


XoTK. - For de>cri[)lioiis of f Nmmiutators, Resistances and 
Rheostat.-, the student is referred to the cJia[»t*T ‘Notes on Electrical 
Apparatus’ 


g 2 . Ammktkus 

Although the tangent galvanometer serves to determine the 
absolute value of the strength of an elcctrii* current, its u.se for 
practical current measurement is inconvenient for many reasons. 
Two of the most important objections to its u.se arc— 
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(//) I»<m;;uis( 3 the (l(iflectioiis of tlic needle are not pioportional 
to the enrrent. 

(//) I^jcause th(! delloction for a given current depends on the 
external magnetic held. 

Tin? first difficulty can he got over hy graduating the scale so 
that the readings arc proportional to the tangents instead of 
proportional to the angles. 

The second objection is more serious. Any instrument in 
which the determination depends on an external magnetic field 
is^unsuited for use in the neighbourhood of large ma.sscs of iron, 
while in such places as Klectric Supply Stations it cannot be 
used at all, owing to the enormous vnriuhle fields set up by the 
working of dynamos and other electrical machinery. Further, 
great inconvenience attends the use of the tangent galvanometer 
in conseipience of the fact that it must be placed in a definite 
position relative to the fieM and cannot be used in anj’ 
other. 

Instruments arrange<l so as to >ccur(‘ readings of the 

strength of a cuiTeiit in amperes (or multiples of an ampere) are 
usuallj" called niiqinr-itutcrs^ or, as the word is usually contracted, 
ammeters. These ammeters are <lesigned in various ways : some 
depend on the elongation of a wire <lue to the heating effect of 
tlie curnmt flowing through it ; others on the attraction, or mutual 
turning effect, l)etwoen two coils carrying the current : bat the 
majority deiicnd on the rotation of a small coil carrying a 
(h»finite fraction of the current when placed in the strong magnetic 
field between the poles of a permanent magnet. 

THE H0VING*C01L AMMETER 

This instrument is very important, but to understand its 
action recpiires a greater knowledge of the subject than the student 
at this sUigc is supposed to possess. This lack of knowledge 
need not prevent its however, as the method of using it is 
so simple. A description of the apparatus is given in a later 
chapter (p. 577). 
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THE ATTRACTED IRON AMHETFK 

s 

A form of ammeter simple to umlorstaiul i ^ iho Attracted 
Iron Ammeter. 

In the simplest form of attracted iron ammeter * thorc is susiwiitled 
from a spiral spring a bar of iroU| whoso lower end just enters a 
long coil, or solenoid, of wire. 

TVhon a current (lasses |ound this coil| .the 
iron l>ar is magnetised and is attracted Bonm ; 
distance into the coil. The amount of motion 
which tikes place de{M?nds on the force 
attraction and the .stitfness of the spring. The 
iron moves down until the attracting force is 
just eipialised by the extra tension of the 
spring duo tii its cloiigation. 

Xow for a given current there is a dotiiiitc 
pull exerted on the in)U by the coil, and 
therefore tlic spring will alw^'s strctc.h to the 
siiine amount when tins current [masses round 
the coil. The relation hetweeii the puli on the 
iron and the current in the coil is, however, 
not simple by any means ; in fact, no singU^ 
law which would apply to every case could Iks 
... .11 given to express this relation. The instru- 
Ammeter. ditleis from tho tangciit galvano- 

meter in that the relation lH.*tw'een e.rhunltM 
and current is empirical, i.c. can V>e found only by trial, while the 
tangent relation betw\>en the dctlection and current in a tangent 
galvanometer am lx* preclicted from theoretical considerations. 

Exit. 221. Calibration of an Attracted Iron Ammeter. 

— Setup a tangent galvanometer b>r use (p. 4ti2). Connect in 
series with it througli a reversing key, the ammeter to be 
Ciilibrated, a cell cajKiblc of su])plying large currents, and a 
rough regulating resistance (with a length of bare platinoid 
wire to give clo.scfr adjustment if required), l^se tlie thick 
w'ire turns of the galvanometer. The connections are as in 
Fig. 229. 

An ordiwiry rmintancp. hoje mmt not on any aecmint he nued 
in this expenment : the large currents used woulil completely 
ruin, the coils. 

Both the ammeter and the regulating resistance must bo - 
^ Sise also p. 576. 
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a far as |)08si})1c from tlie tangent galvanometer, Ko as to 
cliTiiini.sli the effect of tlie nmgnetic fields due to them on the 
neiMllc of the galvanometer. The wires leading to the tangent 
gahanometer slioiild he twisted together m that the magnetic 
li(*]d due to one may neutralise that duo to the other, Tivin 
il(*xihle connections are very useful in this case. 

Observe the reading of the pointer of the spring balance and 
of the needle of the galvanometer when a current is passing 
round the circuit, 

Kepeat the observations for different values of the current^, 
choosing values which will give deflections of the galvanometer 
increasing by a[>proximately 5* at a time. 

Determine the number of turns (usually one or tw'o in this 
exiKiiHiment) in the roil of the galvanometer, and the radius of 
the coil. Tlie value of If, the liorizontal comjwnent of the 
earth’s magnetic field, can be found b^^he metluKl descril>ed in 
the iiiagnetiHin course (p. 427). It may be taken as about 
0*185 in London at the present time (1915). 

The expression for the current in absolute units (p. 461) is 

or in amiKTes 

orll 

C (amp.) — tan ft 


The results should be arranged in tabular form und^r the 
liCiidings : — 


AiiuiifttT 

$. Otn 

V (aiiip.X 


! 

i 

i 

1; 



Plot a curve showing ammeter roatlings as absoissiie, and 
currents as ordinates. This curve can then he used at any 
time to reduce ammeter retulings to currents in ainiK*rcs. 

Exi'^r. 222. The Calibration of an Ammeter already 
graduated. — Join up in series a 2-volt accumulator, an ad- 
justable resistance, aii ammeter luid the taugeut galvanometer. 

2 U 
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Note llu* follow point • - 

(1) I so tiu* ^Mlvamwnrtcr teriiiiiuils oonmrt <1 to tho slii^ lo 
turn i>f tliirk roj^pt-r win*. 

(-) l’>f a loininutatur so as to l*c ahlo to vv\ rsi - 1 lir nn n ut 



A, ami>i*‘ti’r rr.vliui: n' »*r aw.j'rn 
)i, rt’-bUiuv of to r ohin>. 

H, 2 ooJt jioi uniul.»?<»r. 

(i, r, 

K, ^^VlUh. 

tliron.L'Ii tli*j ,::.ilvanonirf.‘r (not tliroiigh tlio anniu'tiT) ami tak<* 
iva<lin;4.‘‘ on liotli si«Irs tjf tin* /oro. 

llo cart'lul to <‘«>nm«'t tli*' I- [>o]»* frf tin* acrniniilator (o 
tin* » toriiiin.il of tin* (This is jinin.itcri.il witli a 

hut-w in* 

(1) As mo^t ainniotiT'' contain a •'tron^ }M*iniam'nt niaom*t, 
tin* aijiTm-tor iiiU."! U; j*la»t'il a'- l.ir .ih pu''.'>il»l(! fri»m tin* tangvnt 

galvanojijvt.j. 

(oj Tuin wircH niu-t o** ii'***! from iln* comnnitator to the 
ainiiutiM', or tin- two \\in-> n-»il nni^t l«* t\\i'tn«l toorllmr ; 
otlmrwiso ilnj ilu»* i«t tin- rturniit in iIiom* uir<*s will have 
an apprerial'l** ell’ert on tin* )ialvanouH't«*r rrailin^'. 

Taki* a si-rii-s of p*;ti]ni;:s of the aiiinifti-r ami ^'alvannnioter 
fr)r ililh rent valuer of tin* r**sisfunr<*. Tin* rf*si>tam*«* shonhl Ik* 
tuljusteil so as to alter llie cuiTcnt hy alnjiit half an ampere 
between the readings. 

Measure rarefiilly the diameter of tin' roil of the tangent 
gill va nometer, using a iKiir of beam compa.^ses. 

Calculate tlie galvaiiometer constant G, and also the reiluction 
factor K. 
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Til* n <*jilrulat<‘ lli(3 (Mirrc*iit tliroii^h the galvauQUieter in absolute* 
unil^ .iinl (loducL* thn vahn* in aniiierc.s. 

C = ^tun<? 

ZTTH 

in jU'clroinagiiftic nnit>, and nno absolute elcctroniagii<*tic unit 
ftjuals lO aiii[ierf.s. 


Th(j table of observations sliould lx* arranged as Udow : — 


Animolir 
IMuliiix, A, 
in N<»iniiii<l 
AmiM'rfs. 

Tangent Galx-anonieter. j 

1 

A 

9. 

tan fl. 

C (abs. unith). 

(; (ainji.). 

C* 



! 

1 

1 





DISCUSSION OF EXPERIMENTAL RESULTS 

TIic errors of an ainineler may bo divided into two types : — 

(//) If the last column, giving the r.uio of A to C, is a 
constant, it means that the instrument is Le. that 

the current is proijortional to the indiciitions of the ammeter 
cNCii if not actually oipial to them. Any error, therefore, is a 
proimtimnd criW, and the true current can be obtained by 
multiplying the current indicated 1>y the ammeter by a certain 
factor which is tlie same for all parts of tlie scale. 

To (Ictermino the Correction Factor, calculate the mean of 
the approximately equal values of A-'C. The reciprocal of this 
quantity is the (*orrectioii factor, for the true current is given 
by niultijdying the ammeter reading by the mean value of C/A. 

(/♦) If the values of A 'C arc not constant within the limits of 
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experimental error, a correction table bbunbl be arranged 
follows : — 



Tnio CurrMit, C. 

Correotlon, «‘-A. 

• 

* 



A correction curve shouM be plottcdi witln C - A as onlinato 
and A as abscissa. The onlinate corresponding with any read- 
ing gives the correction to bo added to tliafc reading to give 
the tnie current. 

Any zero error may l )0 included in this curve* 

Note, — In case (a) the value of C is calculated on an aHsuined 
value of 11, If A/(J is not unity, the divergence may Ixj d\ie t*i 
an error in the assumed value of IL The value of H determined in 
the cxjierimcnt t.n the oa^th^s field for the ^^rikuhir jdace trhny, 
the gnimnometer w vsed should be taken. If H is iu»t known witli 
ci.*rtainty, it bhouUl 1 h‘ determined and C recalculated Ixdore con- 
cluding that the ammeter is incorrect, 

g Ohm’s Law 

Ohm’s I^w (1827) states that when two points are taken on 
a linear conductor, ^ic ratio of the clifTcrcncc of potential E 
between those points to the current C flowing through the 
conductor is a constant, that is, it dc{)cnds only on the form, 
dimensions and physical condition of the conductor. This con- 
Btant ratio is termed the resistance It of the conductor. Thus 



If £ and C are measured in C.G.S. electromagnetic units, 
then R will also bo in C.G.S. units. If practical units are 
employed C wilf^bc in am[)cros, E in volts, and li in ohms. 
The ohm =10® C.G.S. units. For purposes of practical measure- 
ment the International Ohm is defined as the resistance of a 
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coluiim of HKjrciiry at O'^C., 144521 gm. in mass, of a constant 
cross section, and of length 1 06*300 cm. 

The reciprocal of the resistance is termed the conductance. 
Ohm’s Laiv may bo extended to a complete circuit, if E now 
represent the electromotive force (E.M.F.) in the circuit and R 
the to(j|l resistance of the circuit. 

Hence the current flowing round the circuit is given by 



The current has the same value at each point of the circuity 
and nmy be measured by introducing a tangent galvanometer at 
any |)art of the circuit. The strength of the current is then 
given by v.; 

C = K tan 


where K is a constant called the reduction factor, or simply the 
factor, of the galvanometer. 

Combining these two values for C we obtiun 

= K tan 0, 


or 


== II tun 0, 

K 


Ilonce if E, the electromotive force in the circuit, is constant, 
U tan 0 must be a constant quantity. 

llwT. 223. An Experiment illustrating Ohm^s Law and 
the Law of the Tangent Galvanometer. — Join up in series 
with the galvanometer a 2-volt accumulator, a^resistauce box, 
and a ki*y.* As the internal resistance of the accumulator is 
small, and a large current would damage tlie resistance coils, at 
least 30 ohms must always be kept in the circuit, ue, 11 must 
1 k 3 not less than 30 ohms. Soiiiotimes the tangent galvanometer 
is provkieil with a nunil>ov of tevininals on one side of the 
stand. In this exi>eriment the two terminals connected with 
the largest numlK‘r of turns should Ihj used^o that the euirent 
may 2 >a.ss through all the coils of the galvanometer. Commence 
by liaving in the circuit all the resistance in the box (when 
the plugs are hiken out of the box, resistance is put in the 
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cilvuit), lUld ol)M‘rVi‘ tiu' ilrtllTtiou uf llu' 

A\itli the <-urn*nt llowiiig in oiu* ilinTti«>ii nii ; i)h n in tin- 
otluT. Tiiku ilk* ineau of the two iv;uling> :i.s \ i** ul 

the true \h*tii'elioii. 

Make ii series of olwt‘r\atioiis, taking “in in su» plug 
com‘S[Kiikling to ivsl>tanees <»f (js!} ; -10, lUO, !/<>, 1“0, l.’lo, 
110, 00, 70, 50, iuul oO ohms. 

Make a table “I* the results thus : -- 


It ohnn, 1 iMlecttun 1 ?. 

tan tf. 

It l.tli H. 

i 





If 11 tan 0 is C“n*iiant U mu''t K* propMiiiMiuil to ent 0. a 
grat*h, taking It us al^'ci^^a* an«i the ^alne.- »if eot U .V' 

ordinates. This ,-hn\iM yit-ld a -tr.»ight lin«-. 

The eun^talKV “1 lie* la-l of the (able is «(iii-e- 

(jiietu'f of the two iiw^ (’ K tun ff .tii«l (' i. II 

In tukifiL' K, the ie^i>t<inee in th** )*o\, ;i> the /V// r(‘'.is|am*n of 
the r-ireirr. r. i- as^Tm,. .i iln^t tho o-'i'-tanee*. nt tin* gaUanoineter 
and of th** i'lttery ur>' m udigibli*. h thi" i" not ihe ea.>e, a value 
»• e<|Ua] l'» tin* "eiiii of the>e ta,''-uined known) sliouM adih*d to il 
and uri'ithor eohimn / K • /; tan (J drawn out. Thi> will be uioiu 
nearly etui.^taul tlian K t.m t/. 

If !i*it known, an aj>j»rf\iniate v;tlu«' Iiir./'i.in !»• n! i.iiniil from the 
tU't and la*t Lunintr'. in th- (.•hnnii K tan 0. 

Ta*t iIjo tir-t rf;'*i?tan< ‘‘ h* Kj and llio delli « liou corn ^j'onding to this 
the la>^l n dsUnot; being IL and the (iellretion 0.„ TJjfli wu know tli.it 

(lb tan =(11. i .'0 tan 0^, 

, R, tan K, tan 

wheii'-e x=: ' - 

tan - tan 0 .^ 

Substitute this value of x in the cxjircssion (R n./;} Ian 0 and calculate 
the value of (K + a;) tan 0 for each set ol ob.servalious. 

Tile tyj»e of variation of the column 11 tan 0, if accurately dotennined, 
affords an iiilere.stir% examine of tJio effect of a ^yatenmtic error involved in 
an e.\{»oriment. It will be found that H tan 9 on thev:lwh incriosrs shnnlUy 
as the liigber re.sistaiiccs arc a|iproaehed. This is due to the fact that the 
quantity x which has been neglected becomes of leys and less rdutivc iin> 
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a. llio total Is larj'^T, so tijat va]n*‘,« of R tan 0 

a]*|»roafli liiu trilo coiistaut (R l jc) tui 0 moiu and mor>; closely a ^ R ia 

When- ver a r^yuJur increase or ilecrease tak» s place in a quantity \\liich 
sliouM 1-0 constant, as one factor of the constant is altered steadily, a 
sifHtnnnHc error of this type bhoiild be looked for in the experiment or iu 
the luetliod of working out. 


RESISTANCE BY THE METHOD OF SUBSTITUTION 

When a resistance box, containing a number of coils of known 
resistance arrangtid in series, is available, a simple method of 
finding the value of an unknown resistance is that known as 
the Method of Substitution. A current from a cell or battery’ 
of constant KiLF. tk passed through the unknown resistance 
and through a galvanometer, and the deflection of the galvano- 
meter is observed. 

The type of galvanometer used is immaterial provided a 
reasonable deflection can l)e obtained with the resi>tance and 
K.M.F. available. If the deflection bo too large, it may be 
dimini.^hed by shnittlmj the galvanometer, that ib by joining its 
terminals by a resi.stance, such as a jdecc of jilatinoid wire, so 
that only a fraction of the whole current passes through the 
galvanometer. A tangent galvanometer will serve well for this 
ex])eriment in general. 

The unknown resistance is then replaced by the resistance 
box, and tin* resistance of the latter adjusted till the galvano- 
meter deflection has the s;imo value as before. Then obviously, 
if the K.M.F. has remained constant, the unknown rosistaiiLC 
must be ecpial to that obUined by tlio use of the resistance box. 

Fxrr. 2*2 1, Determination of a Resistance by the Method 
of Substitution. — Connect n]> /// SfnVs a cell 11, a galvano- 
meter G, ami the resistamv K whii'h is to be determined. If 
a tangent galvanometer is used, it should U* sot up with a 
commutator K, in the manner deserilnnl on p. 4(>*2, with tlie 
evinent passing through aff the turns of tjie galvanometer. 
Where tins is not pos.sible, the coil having the largest number 
-of turns must bo used. 

The cell used may be a Daniell cell, since that gives a 
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constant oloctminotiw foivo, tir it may W n M-rnmlury c< 11. 
In the hitteitcasi*, sinci^ the intiTiial resistui. »• of the roll is 
amall, f/retit cftrt mu^ft ftr Utktn in thf Mvnnd f i>f tht 
vwnt trfttfn tha reiistiiHce (mxc is sufjstiluted J r tin: ttnknutrn 
resistanc€, 

* ]Mea.siuv the deflection with the unknown i -sistunec in the 
circuity reading Ixith ciuls of tin* needle f»r pointer of the 
galvanoinotor, with the current flowing first in one direeli‘>n, 
then in the other. 

Replace tiu* unknown n^Mstanoe Ly the nfsistanee 
from ivhirh nil jdntjs sluntld have ha a rvmt^^rdf and adjust 
the value of tlu‘ resistance *Mnm to such a value that the mean 
deflection may have the .s;une value as before, 77w.* resistanre 
must not he reduced Mow 30 ohms in any cane, 'Jlieii the 
sum of all the nunil)er.s from whicli l>lugs are uMut in the 
resistance box represents the value of tHb unknown resistance. 

Note on DaUnuination of BosiiUaoo by 8ubttifentloii.-<T}iA degree of 
iccaracy obtainable by thb 6X]H:rimeitt is not at all large. It is an experU 
ment whose accuracy defn^nds on the accuracy of reading deflection.^ and 
therefore is inaccumte tt> the same degree as the readings of the deflections 
may he inaccurate, \iz. t« 2 or 3 per cent. 

Al»o, the adju.strneiit of the roM^tnnce in tho resistance ho.v is only 
{>05s»ihlo in dcOnite bl«‘pi of 1 tihm {or in^whly 0*1 ohiu if a “derimal ’ uhni 
box i.*» used;. The value of the iMpa\uh‘nt rchistaiico hub.stituUd fur the 
unknown tan newr be curren tly atljuMtd txn pt in the rare cahes vilu ii tite 
unknown rehi>U]ict inlegntl numher of vUn,s (or teiitlis of an ohm}. 

Fui'thermore the limu* of Jr.sistamro^for vhit h the mctlunl is at all .suit- 
able depend largely on the gaU.*iioineier u.M-d. For resi')tanceM belueeii 
30 and 70 ohms an ordinary tangt.nt galvanometer is n.'^eful. Above 70 tdiriis 
or t}ierealK>ut.s, a more sen>iti\e type of gaUanorneUr inuat be UM-d. The 
motJjoJ i.s entirely un-iuitetl f.ir lesislances. 

Tlv: oitjy way to t» .st whether tl* imkwnsn resistance is of magiiitntle 
suitable for deterniuation by^his nieihod is tit ronin‘ci ii up to tin- roughest 
of galvanometer available. If the deflet-tion is small, 6' or .so, the 
nieUiCHl may he used, hut a more d«licat<j galvaiiomcler must he employed. 
If the deflection i.s l>etweeii 10* and 70* the galvanometer first chosen iniiy 
be used. If the deflection is above 70® with tlic roughest galvanometer 
av.ailah!e, the method i.s quite unsuitable for tin's particular resistance and 
another way must be used beatstoue’s Bridge, p. 490). 

RESISTANCES IN SERIES AND IN PARALLEL 

If resistances R21 ^3^ connected in settes, their 

equivalent resistance R is the sum of tho separate resistances. 
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liCHiHlaticcs cotinc(;tC(l in parallel^ however, have an equivalent 
roHislaiP C less Hum any one of the coiistituerdPfrcsistances ; the 
total aiiiductance in this case is the sum of the tonductances 
of the constituent resistances, Le. 

For resistances in Series 
Ri* 4’ R2^ i^+etc* 

Resistances in Series 

• — wW' — WvXaa— 

Resistances in Parallel 


R. 

Fio. 230.— Resistances in Stiles and In Parallel 



For resistances in Parallel 




Expt. 225. An Experiment on Resistances in Series and 
in Parallel. — Measure the ^ value of two separate resistances 
Uj and 11, hy the method of substitution. Next plac^ the 
two resistances in series with one another, and measure the 
rc‘.<ulUuit resistance, 11, also by the method of substitution. 

Verify tlie result that 11 = 11^ + 11.. Jfinally arn\nge the 
two resistances in parallel with one another and measure the 
equivalent resistance, S, in the same way. 


Verify the result that 


1 1 


GALVANOMETER SHUNTS 

When a resistance of S ohms is placed in parallel (/.<?. as a 
shunt) with a galvanometer of resisUince G ohms the current 
flowing through the galvanometer is reduced in general. AVheii, 
however, a constant P.D. is applied to the galvanometer termi 
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lulls, sliuiitiiig tho g;ilviiiionu;tt*r luis no fllVot on tlui cnrroiiL . 
flowing ilirougU ti. 

li is assnntfd that the iot>d cnrrt nt jhurimj round thr rircuif is 
unaUrred hj the introdndhni of the siiimt, I'his will lie pr;ic! iciilly 
true pnjvidoil the ivsisi.inco tif the remuimler of the ciivuit is 
luge coinparoil with tho resistance t>f the giilv.inomctei*. 

TiOt C ^ total current flowing round tho circuit, 

- current through the galvunoinctcr, 

- current through tho shunt, 

then C ( 



!* *>! <;»!. tt I shtitil. 


Let K - ditl'ei cnee potential hciwoen A and 1>. Ly Ohm*s 
laiw 

K - C..S. 


So 

lienee 


(’,S-=C\G. 

< (\ 

^ L\ " s’ 

Add 1 to each side, ^ - r 1 - ^ f 1, 

' i ^ 


or, finally, 


rus^c 
c, s c; 


Hence if the ratio ( ‘ \ is found, the value of the resistance 
of the galvanometer (• can he fouiul in teniis of S. 

If a tangent galvanometer he nsed, the current is given hy 
the equation C - K tan <(», where K is the reductic)n fiietor and 
</» the defleetifui of the galvanometer due to the current C. 
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Denoting the dencctioii without the shunt hy </>, and the deflec- 
tion when shunted ]>y we have 



C I\ tan 


K tan </i^ * 

Ihit 

0 r; i s 
r, ’ 

therefore 

(1 -{- S tan f/i 

S tan <1*^ 

whence 

\tan / 


The student must deduce this from the above. 

Jv\i*r. 220. Determination of the Resistance of a 
Galvanometer by Shunting. — C’onncit up, as shown in 
Fig. a secondary cell D, a ix-\er>ing switch K, and a 

nsi.staiicc ii (wliieli must be Ifitit 10 olini>) with the 
galv.innnietcv Cl and the >hunt S. 



Fi*:. iSJ.— of C.ahanomrtor by Shunting. 

Observe tlie ilellection of the galvanometer l>efore con- 
necting the shunt to it, then eonnect up the shunt and tiiul 
the dellectitms correspoialing ^^ith ntnuuit .dnint resistances; 
a stiitable range of S for an ordinary tangent galvanometer 
would Ihj from 1 to 20 ohms, 

'riie current must be n* versed for eaeli reading and the 
mean of the deflections taken as the true value ot 

Arrange the observations in a table as shown : — 
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s. 


tmi 4/>i. 

tan ^ 

tan 4^1 * 


1 

2 

3 

4 

5 

7 

10 

15 

* 20 

OC 

0= 





YVlien no shunt is connectctl, the shunt resistnnco is inruiite, 
the cletiection in tiiis cnse is tlio full deiloctioii B 

The last column will lie approximately constant, its mean 
may Ihj hiken as t^e value of G. 

XoTF. — The methol of workiDf; out th« value of 0 in this experiment 
h based on the assumption that the total current is not appre^uahl^^ altered 
when the shunt resistance is connected up. Cidess U is at 20 times 
the value of G, this assumption is not sullicicutly ir<;ar to the truth. If, 
therefore, the value of the numbers in the Inst colurim is greater than r» prr 
cent of R, the exjH'nmont sliuuld l>e replanted, u^ing a rcsUtaiice U of the 
fCijuiMte magnitude. 

When G is only 0 |>er cent of H the maxiiituiti variation of current cannot 
exceed 5 p'T cent, evrn when O fs entirely short-circuited, atnl the errors in 
the deflections observed may iTitrrslu«*e errors of this magnituih* into tlio 
result. Tlie ?ffs( value of (r eorrespou.ls with a shunt S which givei 
tan 01 — X tan 0. 

Tlifc value of G ^h'.o he calculated fioiii the e\ pres- ion 

.S0ii G)*“tan 01 ' 

even when 11 is less than 20 times G. 



CHAPTER IV 

ELECTROMOTIVE FORCE AND INTERNAL 
RESISTANCE OF A CELL 

1 1. SmPLK Discussion of the Action of a Voltaic Cell 

The following discussion is not to be taken as a theory of the 
fundamental electrolytic and chemical actions which are con- 
cerned in the action of a voltaic cell, but is to be used merely 
as a useful toarking hgpoitwsis of the action in so far as it afiects 
the P.l). between the terminals, etc. 

CELL ON «OPEN CIRCUIT’ 

Two plates of different metals immersed in a suitable solution 
at once acquire a difference of potential In the following treat- 
ment the case of a simple cell will be considered, the terms 
copper and zinc being used to indicate the ])OS^vc and negative 
plates respectively, though the general account of the hap2)enings 
detailed will apply to any type of cell tcIi<i(soeivi\ 

As soon as the plates are put in the liquid, positive electricity 
begins to move through the liquid towards the copper. This 
positive electricity mivy be supijosed to come from the zinc 
plate, which is accordingly left negatively charged. The motion 
of the positive electricity is duo entirely to tj|^e chemical nature 
of the c^ll, and the electromotive force producing the dow of 
electricity may termed an Eleotromotive Force of Chemical 
Action or a Chemical KM.F. 

This chemical KM.F. urges positive electricity from the 
♦ 477 
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zinc plate to the copper plate through the liquid in the cell, 
that is to say, the E.M.F. of a cell acts ft*om the negative 
pole to the positive pole of the cell. 

This statement is uiiivci*sally true for all cells, and it must 
be noted that the term the vf trll means simply the 

force driving electricity through. the cell, ami as such it can 
only be used with reference to the interior action of the cell. 

The positive electricity carried across the cell from the zinc 
to the copper causes the potential of the copper jilato ti> be 
raised above that of the zinc, and tht*re are now itm forces 
acting on any eloctric charge inside llie cell. A jmsitive clia.gc 
inside the cell is urged from the zinc to the copper by the 
K.M.K. of the cell, ami is urged from the copper to the zinc in 
consequence of the pvUutitl dUferewe between these two, this 
IM). having been acquired as a result of the action of the 
chemical E.M.F. of the cell 

The P.D., so far from being identical with the E.M.F. of 
the cell, as is often imagined to be the case, is only a result 
of the action of this E.M.F. ; Inside the cell the P.D. and the 
E.M.F. act in opposition. 

The plates are not connected extermdiy in any way, since 
the cell is on open circuit, and therefore the potential (lillerence 
contiiiucn to rise, due to the accumulation of electricity on the 
two plates. It cannot rise imlefinitely, however, for there is 
only a limited E.M.F. acting inshle the cell. 11ic potential 
difference will rise to such a value V' that the tendency of the 
positive electricity to flow from zinc to crq»pcr under tlio Fi.M.F. 
of the cell is just balanced by its tendency to flow from coj)pcr 
to zinc due to the P.D. When this balance between the 
E.M.F. and the P.l). occurs, no motion of electricity will take 
place in either direction through the cell, and all action ceases. 

Thus on open circuit, or generally, when no current is 
flowing in either direction through the cell, the P.D. between 
the plates of the cell will be equal to the E.M.F. of the cell. 

Again, it must be pointed out that the two quantities are 
not identical, the P.D. on open circuit, Y', acts so as to send 
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positive electricity from the copper to the zinc, while the E.M.F. 
of the cell, £, which only exists inside the cell, acts from the 
zinc to the copper. 

On oj)en circuit y» _ 

It is iinjiossiblo to measure E directly ; we can only measure an 


Zn 

E.M.F. due to 
Chemical action 

- E-^. 

P.D. a 

Net EM.r.^0, 
since V*=E. 

Km. 1133.— (VII on Oi>'n Circuit, 


External Resistance R. 

A A A A P D. * 

w V V i *V**CR 
, Ct/rrrnt — C L 

IZn ^ 

£.kl.F. due to 
Chcmital action 

-E— >• 

P.D. 

^Net EM F. 

Qn rrtn j /oCcZ/s'C-* 

Fn,. ‘J34.— Cell ou Clo.-se'l C.rctiit 


by tlic r.D. it (^rcates, therefore to in(3ri.<ure the K.M.F. 
of a cell we iiieiusure tlie IM). across its terminals when on open 
circuit, the value of this P.D. (V') being equal to the K.M.F. 
of the cell, PL 


CELL ON ‘CLOSED CIRCUIT ' 

Outside the Cell. — Suppose the plates of the cell to be con- 
nected by a wire of resistance Ii. The electricity at once begins 
to flow through lliis wire umler tlie action of the P.D. between 
the plates. Tliere is no chemical action in the wire at all, and 
hence the P.D. is the only force driving electricity through it, 
and therefore the electricity will flow from co 2 >per to zinc through 
the wire. 

At once, as soon as the wire is connected u}), the i)otential 
ditVcrcnce between the two jdates will begin to diminish owing 
to the pa.ssage of electricity from one plate to the other. If V 
be the value of the potential difference at any instant, the current 
flowing through the wire will he 

V 
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representing the current in the external circnU^ ie. the current 
in the wire. 

Inside the Cell there is still the E.M.F. of the cell acting, aiul 
the value of this will not have altered in the slightest (polarisa- 
tjpn effects will be considered later) since it is a property of the 
chemical constitution of the cell. Its action is not now gppo.se<i 
by the potential difference but by a diminished P.l)., ‘V. 
The E.i)St.F. will therefore begin to drive electricity through the 
cell again^ from zinc to copi^cr, the net drwing force being the 
difference Ijetween the E.M.F. of the cell and the value of the. 
now diminished PJ)., V. If the resistance of tlio cell (its intmuifl 
resistance) is B, the current flowing inside the cell from zinc to 
copper will be 


Thus, we have g<»ing on simultaneously a flow of electricity 
aWay from the copi)er plate through the external circuit etpial to 


Ci = 


V 

u 


units of electricity per second, and a flow of electricity tow'^artls 
the copper plate from the inside of the cell e({ual to 




E-V 
B • 


As V gets smaller and smaller, the rate of loss of eleHitricity 
from the copper plate, C^, will diminish, and the rate of gain of 
electricity, Cg, Will increase. When these two become crpial, V will 
become steady again, though of course \pss than and %ve shall 
have 

, V E-V 

jind Ji—B- 

Thus, when a cell has ito external circuit completed through 
simple resistance U, the P.D. between the plates falls to sohie 
value V, such that the current inside the cell from zinc to copper 
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ig equal U) the current flowing otiU'ulc the cell from copper to 
zinc. The relation between the new IM>. (V), the 'E.M.F* iJL) 
of the cel! iind the internal and external regUlances Wing 

V K - V 

K *" J5 

This relation can also b* proved by a dilkroTit rneili^Hj (p. 4s7). 

It will, of course, be re;iliseil that the adjustment of the 1M>. 
to the value V'-K is almost instantaneous, and the IMX falls 
to its steady value V in an extremely minute fniction of a second 
when the external circuit is closed. 

MTnui a current is driven through a ct*ll frf>m copper to zinc 
(or from positive to negative) the potential dilierence applud has 
to bo greater than E, hecause it overcomes E and also overcomes 
the resistance of the battery. The student is recommended to 
investigate this case in the sjime manner as above, and to show 
that the current driven through the cell or battery from positive 
to negative is given by 



where V is the applied Rl). This result is useful in charging 
accumulators. 

Effect of Polarisation. — J*olaris{iti»>ii occurs in a cell due to 
any change in the chemical constitution of the cell. ^ If too large a 
current is taken from the cell, the liquid round the zinc l>ecomes ‘ used 
up,’ or tlie oxidising agent near the positive plate is unable to cope 
with the rapid generation of hydrogen there, and so the plate becomes 
coate<l witJi hydrogen. Tlie clieiiiical constitution of the licpiid just 
near the plates is thereby changed, and the plates themselves are 
altered in character. The E.M.F. of the cell is changcil in coiiscquonoe 
and is not restored to its original value until diflusion of the liquid 
and oxidation of the hydrogen lias rej»roduced the original condi- 
tions. It is assumed in tin* foregoing discussion that the cell is never 
ovorliHidi'd to such an extent as to prodU|(Sc polarisation. 
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} 2, Comparison of Elkctromotifk Forces op twto Cells 

SUM AMD DIFFERENCE METHOD USING A GALVANOMETER 

method enablcK us to compare the electromotive forces 
or two cells, but does n<Jt give an absolute measure of 
electromotive force. 

In addition to the cells or bivttcries to Ims comiNircd, a 
giilvanometer or some other instrument for measuring the 
strength ef a current is required, together with a resistance to 
adjust the current to a suiuiblc wdue. Let \\ 1>e the E.M.r. of 
the first cell, the resUtance of which is Jlj, and E, the E.M.F. of the 
second cell, the resisLince of which is IC Let ( 1 be the i esistanee of 
the galvanometer and U the i esi-stance of the rest of the cireniL 
None of these resistances need be known, but they must all be 
constant during the wlmlc of the cxiHuiment. 

The cells are first connected in series with the resistance 
and the galvanometer, arranging the cells so as to irniid each 
other: the in circuit now is the sum of the E.M F.s of 

the two cells. 

By Ohm’s Law and the definition of resistance 


E.M.F. in Circuit 
licsislance of Circuit 


- Current flowing round circuit, 


ue, P 

li + G r \\ + IL " ^ 

Cj is the current flowing in the circuit, and is mea.^ured by 
the deflection of the galvanometer. 

One of the cells is now reversed — for pret.iience this bhould 
be the weaker, say Eg, though it is immateiial whicli cell 
is reversed if the galvanometer is used with a reversing 
commutator. 

The E.M.F. now in circuit is - Pig, and the current will have 
some value Cg, given hy * 

-c 

K + G + Bi + B;"^** 
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Cf is measured by the defleetion of the gelvanometeF ora 
sjnoe none if the rititkmees hate been aljjffed, we have 

E, + Ej ^ 

E{-E,“0,’ 

nr E. 

IP fi it* 

^ *2 ^1 - ' 2 


Exirr. 227. Comparison of E.M.F.8 by tbe Sum and 
Difference Method using a Tangent Qalvanometer. — The 

laethod may lie used to romj»are tlie E.M.F.S of a 
Ij<H*lanehe an<l of a Daniell cell, or to com|)are either of these 
with that of an dccuinuLitor. 


Sot iq> a tangent galvanometer O with a commutator K^as 
described on j». 402, connecting in senos with the galvano- 
meter, a resistance box, v'hit^h ail the iuxve h^en 

removed. The current ♦ 


should go through all 
the coils of the gal- 
vanometer. 

Arrange the two 
cells Bj in scenes 
HO as to dssiht Cjjch 
other, and tonnect 
them so «is to semi a 
current through the 
galvanometer and the 
resistance box in 
series, the connections 
being made so that 
the current through 
the galvanometer can 
1)0 reversed (Fig. 2.‘b’)). 

Beduce the rcMst- 



Caae 2 Difference 


unco of the box by* Fh., JS5.-~E M.Fsbj Sum and Difference, 
inserting plugs until 

the deflection of the galvanometer is al>out 60* to 70* : In no 
ease must the resiistance of the box be nduced to Itss than 30 


ohms. 

Bead the deflection of the galvanometer with tlie cunent 
passing through it, fir.st in one dircnition, then in the other : let 
the mean of the readings be 0^, Then the current Cj is given 


by 


Cj - K tan d^, 
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where K is the reduction factor of the galvanometer (thift need 
not bo known). 

Iteverse the weakei'^f the two cells as shown in Fig. 235, 
but do not alter any other connection in the circuit ; if 

s?iakhiij the cdh while disconnecting B.^ nrnl connecting 
it up reversed, otherwise their internal resistana'S will Lj 
changed. 

If t?., is the mean deflection observed with reversed, 

C\ Iv tan 


Tlmsj since 
we' liave 


1*' K tan tan 

— Kj K tau 0 .^ lari 0 ,, 


Froan t]ii> it follow - that 



K, tan ^,4* tan 0 , 
tan — t.in 

C.'ilculate in this way the ratio of the J’lM.F.s of the two cells 

us»*d. 

If one Cell i> a Danidl, with a solution of ZnSO, as the ex- 
citing liquid, it> K.M.F. may be taken as volts, and (lie 

E.M.F. of the fitlier crll cun be calculiited on this assuniptioii from 
the ratio obtained by vxperinieiit. 


THE POTENTIOMETER 

The potentiometer is nn aj>paratus used for the comparison 
of electromotive forces. It is usually in the form of a long 
uniform wdre stretched on .a flat board, which is fitte<l with a 
sliding key so that contact may be made with any desired point 
on the wdre. '\\Tien the wdre is very long, it is often arranged 
in zigzag fashion on the board so as to economise space, or a 
number of parallel wu'res may have their ends so connected by 
thick pieces of copper that a current may ]>c passed through 
them in series. In considering the theory of the apparatus it 
will be simpler to think of a single straight wire (Fig. 236). 

A constant battery S (which may consist of one or two 
secondary cells) is used to send a steady current through 
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tho uniform wire AD. The point A is connected urith the^ 
positiv^^ pole^of the hatteryi so that there is a fall of potential 
from the point A to the point D. If the wire be uniform^ the 
potential will, diminish in a regular way as we pass from A to D. 

Tho object of the experiment is to compare the E.M.F.8 of 
two colls, which may be called and Ej,. The first cell has 
its positive terminal connected to the point A, its negative 
terminal is connected through a galvanometer G to the sliding 
key, which makes contact with a point P on the potentiometer 
wire. By moving the key backwards and forwards, a point Pj 
is found such that no deflection of the galvanometer is obsen^ed 
when the key is pressed down. When this is the case no 



current flows through the galvanometer. If no current flows 
through the galvanometer, the potential of the point 1\ must 
be the same as the j)oteutial of the pole of the cell connected 
to the galvanometer, i,e. the fall in potential through the cell 
must be exactly etpial to the fall of potential along the wire 
between A and 1'^. There is, however, no current flowing 
through the cell, therefore the P.I). between the plates is equal 
to the E.M.F, of the cell (p. 478). The condition that is 
.satisfied, therefore, is that the electromotive force E^ of the cell 
under test is exactly ecjual to the diflerence of ix)tential between 
A and Pj. 

The same process is then carried out with tho cell Eg, and 
a point Pg is found, such that the electromotive force Eg exactly 
balances tho diflerence of potential between A and Pg. 
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Ej _ potential l>etween A and Pj 

Ej „ ~ A aiui . 


Now if the steady current through the [wtentiometer wire 
be C, * ^ * 

P.D. between A and P^ ^ C x Resistance of APj and 
P.D. between A ami P^^C x ResisUmce of AP.J 5 . 


Thus 


Eji^ Resistance of APj 
E., Hesistance of AP^ 

_ Length of APj 
Length of APj»’ 


assuming the wire to be uniform. 

The comparison of K.M.F.s is carried out by comparing th< 
lengths o|^the [lotentiomcter wire necessary to secure a balance. 

Exct. 2*2^, Comparison of the RM.F.8 of two Cells by 
means of a Potentiometer. — Connect a constant cell or 
battery S to the ends of a jK)teatioinetcr wire AD, the positive 
terminal of the liattery l>eifig conne(;ted to A. To A connect 
the positive terminal of one of the cells to be comi^red, 
connecting its negative terminal to a giilvanonicter. The 
sliding contact P whicli moves along the j potentiometer wire 
is connected to the other terminal of the galvanometer, and 
P is moved along tlic wire until a point is found w'here no 
deflection is produced in the galvanometer when P is depressed 
so as to make contact with the wire. The length APj on the 
poteiitiofiieter wire is then measured. The second cell is 
then substituted for Ej, and the length APo determined. 

Since there may Ixj some change taking plac<^ in one or 
other of the cells in use in the cxixTinient, it is necessary to 
repeat the observations, using first one and then tlie other 
of the two cells under test. It is accordingly convenient to 
introduce a two-way switch, so that it may \ye possible to 
change quickly from one cell to the other. By changing over 
rapidly in this way, the adjustments can be mad 6 in a very 
short time, and thus there will be less chance of error due to 
variation of the steady current in the wire. 

The apparatus would then be arranged as in Fig. 237. K 
represents the two-way switch which connects A to or E^ 
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at will Dcterniioo the meati values of AP| and AP^, and ' 
calculate the ratio of Ej to E.^. 

As a confirmation of the first comparison connect the two 



Kin. 237.— Conn«*ctionh for rot<*ntiom**t#'r. 


cells ill wrics (a) so as to assist one another, (4) so a.s to 
oppost* one another, and coinjiare the resultant K.M.F.s. If 
/p ai*e the readings on the iKitcntioineter ^ire co«restK>nding 
to these t^^o Cti.‘^es we liave 


I 1 e ^1 “1" ^5 

ami therefore r “/ /• 

^ M ~ *2 

Not k. — I t i«» obvious that if the nojativc pole of the constant cell werecon- 
neettd to Aj and the ])oleof the cells under tent weieaiso connected 

to Aj, the expel iineiit louhl liccarrud out just as wtll ; the rise of potential 
from A 14) 1* along the viie \\ould be equal to the E M.F, of the cell when 


no current 11o\ns in the gah anometer. 


ii 3. Mkasukement of the Internal Eksistance 
OF A Battery 

The internal resistance of a battery can be metisured by 
means of a voltmeter and a suitable resistance. If a cell with 
an internal resistance of B ohms bo connected to a wire of 
resistance R ohms, then according to Ohm^s Law the cuiTent, C, 
will be given by the equation 


where E is the E.M.F, of the cell in volts. 
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In an ordinary voltmeter the resistance is very largo, so 
that the current passing through the coils is extremely small 
It may, indeed, be assumed that no current whatever flows 
through the voltmeter. Theoretically it would 1)0 better for 
the present experiment to use an ^lectmtafic voltmeter, which 
would measure the jxjtential diflerence between the terminals 
of the cell without taking any current. 

The |)OtentiaI diflerence between the torininals wlieii those 
are not connected together is V' volts, V' being ctjuiil to the 
E.M.F. of the eell (E). When they are connected by a wire 
it will be less than V'. 


As this point sometimes causes tliflieiiltv it may be useful 
to consider an analogous case. Suppose we have an endless pipe ^ 
_jp through which water 

can bo driven by 
means of a tiiiLirie, T 

^ (Kig. 2:bS). When the 

stop-cock S is cIosimI 
I I the turbine will de- 

y velop a certain pres- 

r g _ ^ sure which can be 

. , . . , measured by means of 

a ‘ vertical pipe as 
shown. AVhen the stop cock is opened, the pressure indicated 

by the level in the pipe will diminish and as the aperture 
is increased will diminish still further. Tiie pump has a 
mechanical etrect which might be called a water- motive-force. 
The column of water measures the j>rossure diflerence pro- 
duced. The tap and tube constitute a resisUnce in an external 
circuit. 


-lljdionJ} iiauiic Aiial<v\. 


The electrical analogy is worked out in detail in the intro- 
ductory part of this chapter, to which the student is roferretl 
(pp. 477-481). 

Let V denote the P.D. between the terminals of the cell 


when they are connected together by a resistjuice U. Then the 
current through K by Ohm’s Law is V/lt, being due entirely to 
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" f. . 

the P.D. lictweeii the ternunals. But the current in the circuit 
is Ey'(R + B), and so 

E 

iriirB’ 

• V- 

li r B 1 i- I li 

Thus V is less th;in E, btit if K is very large compared with 
B, the <lincrcm*e K-V will be very .‘iinall. 

If U is not very large, and we can find V, we can calculate B 
by means of the e<|Ualiijn 


E 

V 


B t B 
^11 * 


or B = li 



For an alternative j)roof of this sec the introductory part of this 
chapter ({jp. 477-481). 

To determine B, then, we compare the E.M.F. of the cell 
witli the IM). between its terminals when it is short-circuited 
)>}’ a wire of known resistance K, which should not be much 
greater than B. 

^ If It is taken equal to B, V/E = J, so that the potential differ- 
ence betw’een the terminals i.s only one-half that on open circuit 



V*E 




Expt. 229. Determination of the Internal Resistance of a 
.Cell by Use of a Voltmeter.— Connect the terminals of the 
cell to the voltmeter |l 

In using a moving coil j jig 
voltmeter^ he careful to 
connect the cell .so that 
the current laitcrs the 
voltmeter at the ter- 
minal niarke<l +. If 
the connection l)e made 
incorrectly, the pointer 
may Ik? hent and the 
instrument damaged. 

Observe the detloction, which gives the value of V', the 
P.I). on open circuit. 


AhAAAAAAH 




Fn.. 239.— luleiTial Ilesislance of CVll. 


N«)TE.— It is assumed that no current passes thmugh the voltmeter, 
therefore the circuit is still * uiwu ’ and Y sK. 
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Then connect the tenninalfi of the cell with various rcnist- 
atices, noting the coxtesponding deflectiouH of the voltinoter in 
each case. 4 x^i^tance box may be need, if care ia taken, 
not to pass the curteut through it tor more than two or three 
minutes at a time. 

The rcsistanccH chosen should be of such magnitudes that 
some give <leiiections greater than, ami others less tiian, half 
the original deflection V\ About six diffcronW resistances 
shouhl hQ used, three giving values above Y'j'l and thre<‘ 
below. 

It is convenient to start with a n'Mistance of 10 dlnns h 
the external circuit, ami to work Ujmards or doanwartls a 
required. 

Talailate the ohservation as below : 


IM). on open drcmt \* -Ki , . 


— 

'* 1 

' 

i: V 

I' v' )“• 






Note. — The intt-rnal resistance, and e\iu tin* K, M.T., ‘*f most battcrieB 
varies a goofl deal >\itU the current they aie sending in eonse«|uence of 
telhporary changes in the liquid near the plates (p. 481;. 11 is cunsequently 

a somewhat indefinite quantity. 

In the above method it is a-ssuined that £ does not chan Jb when the cell 
is short-circuited. In some foriiis of Leclunche the cell iwlarises very rapidly 
when short-circuited, and its E,M. F. rapidly falls. In such cases the method 
is not applieable. This method should not be applied to a secondary cell ; 
to obtain accurate readings it >voald be necessary to make K too small, the 
cell would be damaged, and the resistance box might be * burnt nut/ 

This method lieing a deflection method ]>osbesses the defects inherent to 
all methods depending on the observation of deflections. The accuracy of the 
method is therefore not very great. It is, however, an extremely instructive 
'experiment when taken in conjunction with the discussion of the action 
of a cell dealt with on pp. 477-4^1. In any case the resistance of a cell is 
such a variable quantity that the <mler of magnUwle of the resistance is the 
result really aimed at, and for this the experiment is quite good. When 
one considers that shaking a cell or substituting a new xiiio x^l^te for an 
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old one may reduce the resistance of the cell by half in some cases, it will 
be realised that any method which is correct ib with!iL^20 per ^nt is good^ 
enough for this purpose. If the resletanceof a particu]id!^ell is ri^nlzed rtkjn ! 
aeoorately , Maaeo's method, using a Post Office Rox, shbttid be employed (s0ii i 
) Wheatstone's Bridge, p. $11). ^ 

INTERNAL RESISTANCE OF A SECONDARY CELL 

A secondary cell has a very lojv internal resUtance. The method 
of iinding the internal resistance alrea^ly (lcscril>ed is not suitable 
in such a case l)ccause the current requisite to produce a measurable 
fall of P.D. would l)e too and w(»uld damage the cell. This 
is Wause a voItmet<‘r has to l>e unciI which covers the whole range 
up to the full E.M.F. of tlie cell, and as the variation of P.l>. 
obtainable with the biggest current allowable is cmly 1 or 2 ]>er cent 
of this maximum, the measurements arc not exact. Tlie following 
nietliod, \rhi('h i.s applicable 
to any cell <»f low internal 
rtvsistaiico, overcomes this difli- 
culty, and as a very wnsitive 
voltmeter may be used, the 
change of P.D. may l>e 
measured accurately. 

Expt. 230. Deter* 
minatiou of the Internal 
Resistance of a Second- 
ary OelL — Connect two 
simitar cells in imrallel 
as in Fig. 240, with a 
.sensitive voltmeter across 
their + it^Tiiiinals. In 
series with one of the 
cells, connect a resistance 
H and an aninietcr A,* 240. — intomai upsisiance of 

including a key K in the .s^omLiry^vn. 

circuit. When the key 

K is open^ the voltmeter will indicate P.l^., since the cells 
arc similar. i.Dej>ross the key K and take the reading of the 
voltmeter (y) and of the ammeter (0), 

The current C flows from cell I only, the voltmeter resistance 
being supposed influitc. Jf B be tlip resistance of cell IJ the P.D. 
across its terminals falls an amount CB which is registered on the 
voltmeter as v. Hence e’/C. 
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If the E.M.F. (E) of coll I known niwl H be also known, C 
may bo taken as E^lv, and B«vK/E. Tho ammeter may then Ihj 
dis|jeustHl with, 

INTERNAL RESISTANCE OF A CELL BY MEANS OF 
A POTENTIOMETER 

It has already been nointod out in the coniparisoji of K.M.F.s 
by the Potentiometer that the P.l). between the tiTininaU of a 
cell can bo measured by balancing it figainst the 1M>. bfiw»‘en 
two p<iints on a wire carrying a current. If wc connect up a 
potent iumoter as shown in Fig. 236, and adjii.-i tho cnjuact t. 


+ !• 

,5 

/ 

P. F 

1 

+1 

H— 

r 

R ^ 

!) 



Fr.. ill.— Intf^rna! n»*sistanc** lij* Potent ioTni'ti*r. 

some point P such that no current flows through the galvano* 
meter, the P.D. between P and the negative i>late of the cell is 
zero (otherwise a current would How through tin; galvanometer). 
A is at the same potential as tho ])ositive plali' of the cell, 
therefore the P.D. between A and P is the same as tho P.D. 
between the plates of the e<dl. 

In the case considered, there is no current flowing tli rough the 
cell E, and therefore this P.D. V' is equal to the E.M.F. of the 
cell (pp. 477-479). 

If, now, we short-circuit the cell through a resistance R 
(Fig. 241), the P.D. between the cell terminals is reduced to 
some value V given by tho relation (pj). 487-489) 

E ^ r R + B 
V " V ~ It 
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B being the internal resistance of the cell. Thus, the point P , 
will now be at a higher potential than the negative plate of the 
cell E. Hence the galvanometer \sill now be deflected if contact 
is made at l\ Balance will, however, be restored if we make 
contiict at some point 1\, nearer to A than P. The P.D. between 
A and P must be equal to the reduced P.D., V, now existing ^ 
between the two plates of the cell. 


Now 

if the wire iinifonn. 

Hence 


V \]\ 
V' ‘ AP’ 


K AP, h 
u . p> Ai‘ /; 


H can tlierefore be calculatcl from the known values of K, /j. 


aii<l /o, for 



lIxi T. 2.*n. Determination of the Internal Resistance of a 
Cell by means of a Potentiometer. — Determine the internal 
resistance of a Daiiiell cell by the method described. 


DISCUSSION OF THE POTENTIOMETER METHOD 
OP DETERMINING THE INTERNAL RESISTANCE 
OP A CELL 

This motJiod of ini'asuring Internal Resistances is not much 
more suitable than the voltJiietcr methcil j previously described. The 
ci*ll liiis to be kejit sliort-circuiteil througli tlie resistance R for a 
considerable time, viz. the time taken to tind the balance-point Pj. 
During this time it is discharging at a considerable mte, and is 
rapidly becoming ]>olarised. The result of this is very’ confusing if 
its cause is jiot nvilised. If the |)oint Pj is found and the cell 
disconnected from the resistance for a moment, an entirely diffeivnt 
balance-point may be found on reconnecting and testing for balance, 
in consequent of the cell having recovertHl somewliat while dis- 
connected. 

For aci'.urate work a tapping key should lx* inserted in tlie 
resistauce circuit as shown iu Fig. 241. This should bo depressed 
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while is l)4^ng songhi', and. released a as sf»on as 
C is raisiHl from the wire for adjusting to a fresh position along AI>. 

The second key must, of course, Ix) depressed hej\ rc C, and not 
raised until afi^r C has been niiseii from conhvot with the wire. 

By the use of this second key greater accuracy is obtainable, but 
the metho<l possesses all the defects due to jiolarisation to as great 
: ; R degree as the voltmeter metl^ : iU main advantage is tluit it 
k and not a defleetisn method. In th^ry it lias other , 
. . ie^vantages over Ae voltmeter method : tl^ voltmeter has alwayi^ 
an appreciable current flowing through il although . supposed to 
have none, hence E' is never measured correctly by the voltmeter. ' 
In the present method the current in the cell is certainly sero 
when the cell is not short-ciKUiited, and. therefore £ is obtained 
accurately. 

The greater diflicultiea met with in use, and the confusion 
entailed owing to the ‘drift* of l*j towards A iluo to polariawition, . 
ren<ler the potentiometer niethcxl of moasuring internal resisLuice 
suitable only for advanced students. 
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MEASUREMENT OF RRSISTANCE 


§ 1. OuK8 Law 

Ohm*s Law states that when two points are taken on a linear 
conductor the ratio of the dilTerence of potential, E, between 
those points to the current, C, flowing through the conductor is 
a constant. This constant nitio is termed the resistance, R, of 
the conductor. E.C = R. The reciprocal of this ratio is the 
conductance. 


The most direct method of measuring resistance is to measure 
' the two JiicinbcTs of the quotient, diflerence of laUential, and 
current. If the diflerence of j»otcntiaI in volts i< measure<] by 
a volbiuetcT, an<l the .strength of the current in amperes by an 
ammeter, the resistance will be ub- 
tiiined in ohms. 


,eter 1 


Note carefully that the ammeter 
is connected in aterieH with the resist 
ance to Ix) measured, while the volt- 
meter is connected across the ends 
of the resistance, so tliat, with a 
moving-coil instrument, the coil of 
the voltmeter is hi parallel Mith 
the resistance. The termioals marked 
+ on the ammeter otu tlic volt- 
meter must be connected to the + 
jM)lc of the battery. In this method the resistance of the conductor 
is measured while a current is flowing through it. The method is 
therefore applicable in cases where other methods fail ; for instance^ 
wo can measure in this way the resistance of an incandescent electric 
lamp while it is glowing (p. 539). 
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Fio. 242.- Measun'ment of IlesisUnce 
by Ammeier and Voltmeter. 
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Tbe methcxl Is a roug]|^ metlimr only, tliou{;h voiy ccmvrniont 
indeed in iiuiny eascsu It do{)endH on \lio observed «lt HectLonH of 
the ammeter and vol^eler, and is tliua not so a<‘euiute as a 
null method of I'esistauco ineiusurement. If tlio uininetor and 
voltmeter have not been adibrated, tlie miilt may erroneous 
owing to errors of graduation. 

It should bo 113 ^ only when an approximate value is roipiirtMl. 

§ 2. AVhkatst<)NK*s BuiTMiK 

The comparison id resistances can be carried out in a con- 
veniont way by the arrangement known as Wheatstone s Uridge 


B 



This consists of four resistances I*, It, and S joint'd together 
so as to form four sides of a ipiadrilateral AKDC. If the two 
corners A and D arc joined to the terminals of a cell, a current 
entering at A divides and flows partly along A HD and partly 
along ACD. There must be a fall of potential as we jms along 
ABD, and also as we pass along ACD. By properly adjusting 
the resistiinces P, Q, li, and S, the potchtfil at the point B may 
be made to have the same value as the potential at C. When 
this is so, no current w'ould flow through a galvanometer 
joined to the points B and C. Wc now proceed to find the 
condition that must hold between the resistances for this to bo 
the case. 
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liCt the currents through ‘P, Q, R,jitk 1 S be Cj, Cg, Gg, and 
C4 resjjcctively, and the potentials at A, B, C, and D be V*, V,, 
Vc, Vu respectively. 

Applying Ohm’s lav to each branch or arm of the bridge in 
turn we obtain ^ . 

v,-v„=(.\p . •: . (1) = 

V*-Vo=C 3R . . . (2) 

Vb-V, = C,Q . . . (3) 

Vc-V..^C,S . . . (4) , 

Blit in the case considered Vb = Vcj so that the left-hand side 
of equation (1) hecomes identical with the left-hand side ^ 
equation (2). 

Therefore 

Similarly from (3) and (4) 

C,(i = C,8 

Dividing (5) by (G) gives 

CjP C,R 


qP = C3R 


( 5 ) 

( 6 ) 


C,Q 


( 7 ) 


Btit if no cuiTont flows along BC, Cj = and t'g = and 
equation (7) reduces to 


P R 
0" S 


(») 


Properties of Conjugate Conductors. — The battery might 
have been placed in the arm joining B and C, and the galvano- 
meter in the arm joining A and D, and exactly the same 
condition would have been required for no current through 
the galvanometer. The two arms AD and BC are then said 
to bo conjugate arms of the bridge. Two arms of. a network 
^of conductors are safll*to be conjugate arms if the current 
in cither arm is entirely independent of any E.M.F. in the - 
other. A cell in either of the arms BC or AD would send no 
current through the other, therefore BC and AD are conjugate 
arms qf the network. The condition that BC and AD should 
be conjugate arms is that P/Q = R/S. 


2k . 
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Determination of the Resistance of a Wire.- (h, 

shows that if wc know the ruthi of twt) of the M >i.s|;iin es (K‘ 
to S siiy) ;in<l the acthul value of a tliinl ((^>), thf ri I he fourth 
resistance (P) is determined when 1> and C are at tiie same 
potential. 

Determination of the Resistance of a Galvanometer — 
Thomson's (Kelvin’s) Method. — 'riio resistanee <»f a jL^alvaiio- 
meter also can he found hy Wheatstones l>ri<l»^e. 'fhe ijal- 
vanometcr is connected in the arm All, the resistance of the 



galvanometer (t hcitig the value of P in this ease. As a 
consUnt current th^ws along Ail, a steady deflection is pro- 
duced in the galvanometer. When the resistances are ndated 
in such a way that S, 11 and C will he at the same 

potential, and on connecting II and C no current will flow 
through IKl 

If the condition P/Q - 11 'S is not satisfied, some current will flow 
along lie if these points are connected. Hence in this case the 
distribution of current through the rest of the network will be 
altered. Consequently the current in the galvanometer will be 
altered. Thus, unless II and C are at the same potential, the 
galvanometer deflection will be altered when B and C are 
connected. The degree of alteration will depend on the current 
which flows along BC, therefore to ensure sensitiveness the 
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roHisl.in' t; !>(.! should Ixj made as small as possible, a short piece 
of coj)p( r win; l>(*iiig generally used. 

'Flu* r<;sistanc(*s are adjusted until connecting B and C does 
not abiT the steady deflection of the galvanometer, and G ( - P; 
is calculated from the relation which then holds : 

V U (1 It 

(i S 

Determination of the Internal Resistance of a Cell — 
Mance’s Method. — Suppose a cell is placed in the aim AB, the 

B 



resistance of the cell being B. Then if BQ = B S, the arms 
BC and AD aie conjugate arms of the network, and any RM.F. 
introduced in the arm BC will not afl’ect the current in AD. 

There wdll be a steady current through the arm AD due to 
the E.M.K in AB, and the galvanometer will therefore be 
deflected permanently. If the condition B’Q-R S is satisfied, 
this deflection will not be aflbeted hy any E.M.F. introduced 
in the arm BC, and so wo can test if this relation holds bv 
introducing an E.M.F. in the arm BC : this can be done by 
connecting a cell across the points B and C. 

The magnitude of the E.M.F. introduced in the arm BC is 
quite immaterial, c.xccpt in so far as it afleets the sensitiveness of 
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the test It can be shown that introducing a cell of small RM.Ft 
and of very* low resistance is as sensitive a test as a cell of 
larger E.M.F. but greater resistance would offer. We therefore 
introduce in the arm BC a ^cell’ of infinitesimal E.M.F. and 
very low resistiince by merely connecting across BC with a 
copper vfive. This gives a siitisfactory means of ^detecting aey 
error in the iuljustuicnt of the resistances. When no change in 
the defiection of the galvanometer is produced on connecting B 
and C with a copfUT wire, the relation = K S holds good. 

THE SLIDE-WIRE BRIDGE 

The methml of Wheatstone's bridge may be applied by using 
the appuatus known as the sli<le-wirc bridge. As the wire 
employed is frequently one metre in length, this is also often 
termed the metre bridu'e. 

' A long uniform wini Is .stretched on a bast'-lKiard between the 
tAVO ix)ints A and D. The ends are conncctecl by nieans of tliick 
copjHjr strips, of negligible resistance, to tlie terminals F and L. 
UK is another tliick Cdpjier strip, provided witli teriuinals at H, B, 



and K. The unknoAvn resistance P i.s joined to the terminals F and 
H, so as to complete the circuit in the gap between them, A known 
resistance of suitable magnitude (that is, not very different from P) 
is joined to the terminals K and L. In making these connections 
short thick wires or fiat strip.s of copj)er must bo used, so as not 
to introduce additional unknown re.sistance8. A movable key or 
jfxjkey, by means of which contact may be made Avith the slide-wire 
at any point desired, slides along the base-board. Its position may 
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bd ro^ off on a fixed The ^ratio arms ’ of the brid^ are the f 

two jkrta into which tho/ilide-wirc is divided by the mo^ble key; 

In carrying out the measurement a cell is connecied to the end ' 
terminals A and 1), a key being included sometimes in this part of . 
the circuit so that tlio current can be cut off when no observation is 
being made. A galvanometer is connected to the central terminal 
B and to the movable contact 0. An astatic galvanometer is 
frequently uSed in elementary work. The object of the manipulation 
is to find the point at which contact must be made with the slide- 
wire 80 OH to give no deflection of the galvanometer needle. It is 
best to start by noting the direction in which the needle moves 
when contact is made, first near one and then near the other end 
of the slide-wire. If these deflections are in opposite directions the 
point sought for must lie somewhere between them. If the 
deflections are in the same direction in the two cases, it indicates 
that one of the resistances P or Q is very niuch greater than the 
other, or that tlierc is a faulty connection in some part of the 
apparatus. It is iuijsjssible to get an accurate result unless P and 
Q arc at least of the same order of magnitude. Assuming that 
suitable values liavc l>t‘en chosen, tlic point on tlie slide-wire for no 
deflection should l)e found somewhere in the central j>ortion of the 
wire. The ‘balance point* shoul<l Ijc in the middle ‘third* of the 
wire in all cases. 

Much time can be saved in carrying out the exi)eriment by 
learning how to increa.se and how to decrease the deflection of the 
needle. Su[>poso that wlien contact is made near one end of the 
slide-wire the deflection is clockwise. Then to increase tlje swing 
the contiict should be made whenever the neeille is swinging in the 
clockwise direction, and should be broken when the needle is 
swinging in the opposite direction. To diminish the swing and 
bring the needle to rest, contact should be niiule when tlie needle is 
swinging in the counter-clockwise direction, and should be broken 
when the needle swinging in the clockwise direction. 

Having determined as accurately as possible the point on the 
dide-wire corresponding to no deflection, the distances AC = and 
CD « L are measured. 

P K 

Then * • = c 



assuming the wire to 1)0 uniform. 

*9 


Hence 
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RESISTIVITY OB SPECIFIC RESISTANCE 

The resistaiuv of a wire of lenjrth 1 (*in. wid of irosn- 
sectional area 1 s<[. cm. is called the reslstivltj" or th(‘ specific 
resistance of the umteriiil of which the wire is c<mipose<L 

Let X he a wire 1 cm. in len'^th, and having a cro.xs Hcctirm 
t>f 1 S 4 . cm. The .-h.ipc »if the cro.-;s section is iminatt’iial. Let 
the resistance of this wire he S ohm^'. Lot V he a secoml \>ire of 



R ohtt’S 

1 I* . “ 47 . —''IH oil I* la >»'»Ula*‘. 


the same material, / cm. in length, and having a cross .secti»>n 
of A sip cm. Lei its resistaiu‘e he U ohms. Since tlie resistance 
of a wire is directly proportioiud to its length, ami the length 
of V is I times the length of X, the resistance of Y will he 
I time.s that of X in comserpiencc of the diflercnce in length. 
Again, the resistance of a wire is inrfrsehj proportional to the 
«area of cross section ; hence, since the cross-sectional ar(‘a of Y is 
A times the cross-scctional an»a of X, the resistance of Y will he 
1 times that of X in consequence of the diHerenco in cross 
sectifin. 


Consecpieritly 


U = 


?s 


or 


liA 

" I * 


So if we can measure K, A, and I we can determine S, which 
is the resistivity of the material. The resistivity may he 
expressed in ohms per unit length of a wire of unit cross 
Bcction, the dimensions of resistivity being ohms x cm. 
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Expt. 232. Detemixiation of the Specific Besistance of 
a Wire, using a Slide-wire Bridge. — To measure the resistivity 
select a wire alx>ut a metre in length, free from kinks. 
Mfiusure its length ^ to the nearest millimetre, and measure the 
diameter very carefully with a micrometer screw gauge. As 
the area (»f cross section A dejiends on the square of the 
<Hameter (A --- ird^i t for a wire whose cross section is circular), 
an error in this measureiiient is serhjiis ; the perceiitiige error 
in (t is doiihled in tin* square of </, so that the result is wrong 
to tv'ir.e the extent cjf the error of d. Express the length in 
ceil timet res, and the an‘a of cro»s s(.*(tion in srjuare centimetres. 

Next connect the wire across one of the gaps P in the 
thick copjicr strip <jf the slide-wire bridge, connecting a 
‘deoimal-ohm ^ box across the* corresponding gaji Q on the 
other side of the briilge (Fig. Thick co})jx*r connectors 

must be used for joining the lx)x to the sides of the gap, and 
the'^e must In* eh‘ane<l wlicre tiny tit under the connecting 
screws. Tile connections for the battery and the galvanometer 
are shown in the same figure. A Daniell cell is suitable for 
this pur[»osc, with some form of simple astatic galvanometer. 
Adjust the decimal-ohm box to a resistance of 1 (»hm. Slide 
the joekey al<»ng tin; slide-wire, making contact with the wire 
at various points ; tht: jfn'h fj must imt ninkt contact with tin 
wire white it in ht'inn tinfvtd (tton</, otherwise the wire will be 
worn uiu‘\eiily in various parts and the accuracy of llie bridge 
tlestn >yed. 

Kind two jioints at which definite deflections are produced, 
but in opposite direetions at the two points; the balaiice-]»oiut 
must lie between these two. 

Jjy working betwei*n these two points, successive juiirs of 
Jioints can be found wliich give deflection in ojij»osite directions, 
eacli jiair being closer together than the j»revious j)air. It 
may lia[»})eri finally that tw’o jioints arc found at which the 
dellqction jiroduced in tlie galvanometer is inaj>j>rcciable, 
though at any jioiut lieyond either of them a detiectiou cam be 
observed. The balance- j>oint may lx* tiiken as the centre of 
that jiart of the wire between these jioints. 

Tlie resistance of the wire P cau be calculated by menus of the 
expression 

* 'I’lie rf(|uirt*<l is not tht* wliol** leiigtli of tlie win*, but the length 

which is between the terminals when the resUtance is being meosureil. . 
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Q Injing the value of tlio ixvsistaneo in the veslstun e hox, /j tin* 
length of the wire from A to (\ aiul the loiigih of lie leiu.uiuler 
from C to D. 

The point C.- shouW l»e. in the tnulcUe ‘tliinl’ of tlie sli(h‘-wm\; 
if this is not the c;i>e a dill’erent value of Q mu."* l»e Likun to 
bring C into this j>;irt of tlfc wire. 'I'lireo differeni values of Q 
must be useil in any Oiise, and the corre.sjK>nding b.tliiiieo jKiints 
found, the values of V iK'iug caleulaU‘d for eaeh ease, Jf tlie 
experiment has Iwen i)crformed accurately these thrtH‘ values of 
will be the same to a very plose approximation ; their mean in 
taken as the true value of P. 

From the value of the K‘sistanco thus obtained, and the dimen- 
sions of the wire alrea<ly determiiml, calculate the specitic resistauco 
of the material of the wire from the expression 


Kxi*t. 23:i. Determination of the Besistance of a Oalrano- 
meter. — For this ex|ieriment connect up the slidt*-\viiv 
bridge in Fig. 218. Q is a dcctmal-ohm Uix adjusteil 



to 1 ohm at first, r Ls a large rc.sisttince whirh need not bo 
known. In this cfise the galvanometer it.self forms the 
unknown resistance P in one of the arms of the bridge. 
The connection BC is made with a i>u?ce of copper wire. It 
is clear tlnit as soon as the battery is connected to the points 
A and D, a current must How through the galvanometer and 
cause a deflection of the needle. The bridge is balancc<l when 
this deflection is unaltere<l uiK>n making contact lietweeii the 
jioints B and C by means of the jockey key. When this 
condition is satisfied no Current flows in BC, and the j)otential 
at B must be the same as that at C, and as in the previous case 
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q S* 

If a k(‘y }m 3 uscfl in tin* battery branqjil, it should be a plug 
k«y and not a tapping key, .sineu it is necessfiry to get a 
st.*ady eurrent through tlie bridge before making contact at 
(\ Jf the steady deflection of tlie galvanometer be large, the 
alteration ]»roducod by making contact at C will Ikj very small. 
A large dc-flectiou may lx‘ reduced by employing a smaller 
current. This is secured by introducing a resistance box r 
in the battery branch, using suiKeient resistance to give a 
convenient deflection. In the case of a mirror galvanometer 
with iC moving needle, the controlling magnet may be used 
to bring the s|)ot of light back on to the scale. 

Tlic method is not easy to carry out, the difficulty being that 
the galvanometer is deflected considerably the whole of the time, 
and often the needle is in a position where the sensitiveness of 
the galvanometer is only small. As a result of this, the adjustment 
of‘*the j)oiut C may ^ altered appreciably without making any 
noticeable change in tne deflection; const*([uently the accuracy 
obtainable is not very great ^^heu a metre bridge is used Consider- 
ably greater accuracy is obtained ^^ith a P.O. box if suitable means 
are adopted (ICxpt. 230). 

E\pt. 234. Determination of the Resistance of a Cell. — 

The cell W'hoso resistance is to be measured is placed in the 



position of tho unknown n'sistjince P, so tliat it forms one arm 
of the bridge. The galvanometer is connectcHl dirwtly to tho 
two extreme points of the britige A and 1). In this ciise also 
a steady current Hows through the galvanometer as soon as the 
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connoctioiiii luivc U-en imule. Tho jockey C is adjusted so 
that no alteration is i>roduml in the deriection of the ^^dvano- 
inoter by making conne(?tion at V, When this condition is 
Siitistied PaQs=R/S (p. 499). if the steady delleetion of tiu! 
jpdvanonieter be too large, a resistance r must K* inlrodm'ed 
in series with tlie galvanmneter >0 as to diminish the current 
passing through it. The e<»nn<‘etions are the same as those 
used when <loterinining tlie re.sistance of a gaUanonieter, 
except that tlie g:d\.tnometi‘r and battery are interchanged, 
is adjusted to 1 (»hm to st4irt with, aiul the p<»int C is 
found where the steady detlecti»»n <4 the galvanometer is 
unaltertMl on depresMng the joek«*y/ 

If the jM.int C is not in tin* middle thinl '>f the wire when 
is 1 olim, a dithu'ent value of Q must 1 k‘ nseil, elioo>ing ih.. 
value sn as to )>ring C near to the middle of tlie wire. 

Tht' resistance of tlie battery is then calculated from the 

expre-'^ioii 

* 

THE POST-OmCE BOX 

In the acc<»unt of \Vhcat.stonc\s bridge we have siani that 
when the bridge is balanced the four resisUinces Q, K, S, which 
form four sides of a fpiadrilateral ligure, satisfy the relation 

P K 

If we kmnv tin* ratio of P to Q, and li is a known resist- 
ance, then the fourth roslsUincc S, previously unknowni, is 
determined. 

In the Post-Office Box we find s(;t.s of resistance coils re- 
presenting three of the arms of the bridge, namely, two n//io 
(mns, P and Q, and an odjnstahle arm for the known resistance 
E, The fourth arm S is the uiiknowui resistance w'hose value is 
to be found. 

The distinguisliing characteristic of the ratio arms P, Q is that 
th(*y are two portions of the Ihjx, usually comprising together the 
whole of ori<i bar, with identically similar sets of resistuiK^cs, JO, 100, 
1000, and sometimes 10,000 ohms in each. The wliole of the rest 
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of tile refti.stanre8 in the hox conipri.se the tliirfl arm II of the bridge. 
'J'he actual arrangement of the re.si.sUnce.s in the Ijox differs in 
different ^uittern.s, but the student should have little difficulty in 
identifying the ratio arms and the luljustable arm, and then deter 
mining tin? jKnnt.s corresixmdiiig to A, J), (-, J) in Fig. In 

tlii.s diagram the battery is connected to the terminal.s A and D, 
and tlie galvaufjineter to the terminals and (\ It should, 1 ka\- 
ever, be noted that the iKjnitions of the battery and galvanometer 
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may be intercliange<l ^^itllout aff'ecting the final re.sult, that is, the 
battery may Iki connected to the terminals ]> and C and the 
gaUanometer to A and JJ. A tapping key must be inserted in the 
battery cireuit, and a .second in the galvanometer circuit. In ^ome 
forms of l\>st-()ffice Jlox tlie.>c keys arc included in llu* box, an«l 
the connections between tlie keys and the ctn’iiers of the bridge are 
indicated by wliite lines traced on the ebonite cover of the box. 
'J’he battery key must be depressed to avoid .stdf-induction 

(‘ff’eets. 

Another arrangement sometimes u.sed is a double key wliieli makes 
contact lii>t f<»r the battery, and subsequently for the galvanometer. 

The unknown resistance sliould K* conneett'd to the }>oints C 
and 1) by means of short thick wires, or flat copper strips, of small 
re>i.stance. 

A mirror galvanometer, which may be either of the moving 
iu‘eillo or of the moving coil tyj>e, is generally used with the Post- 
Office Hox. For a description of these instruments sl*o the section 
on galvanometers, pp. 

Tlu‘ top of the box is usually marked at different points with 
the cryptic letters C, Z, K, L, O, or ]>erhap.s a letter H is used 
instead of C and Z. Hiese iiieaii resi)ectively Carbon, Zinc (or 
Hattcry), l^arth, Line, and ( Jalvanometer. 

If the box Ik* connected up by the aid of these letters, the 
experiment usually works .successfully, but little benefit is gained 
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from it The student should * avoid usinij them, and nhouM ndy 
on the connections vsorked out^by himself witifi the aid of suit- 
able diagmnis. 


The Oalvanometer Shunt, — a very sensitive galvanometer 
be used, it must be providetl witli a shunt, so thi\t its sopsitive* 
ness nuiy be varied to suit the retpiirements of the moment. In 
its simplest form the shunt consists of a resistance which is 
placed ill jiiimllel with the galvanometer (Fig. 2.'U). A deliaite 
galvanometer is provideil usually with a shunt Iwix containing a 
number of resistances which ma)' In* marked '*11), 1/1^1), 

This means that tlie resistances in the box are n*s|Krtiviiy 1/9, 
1/99, aiiil 1/999 of the resistance of the galvanonu'trr. In the 
present exjH*rimeiit the }»lng lH*longing to the shunt should l»e 
plact*d at the outset in the hole marked 1/909. In this 
only 1/1000 of the current in the galvanometer cir(‘uit pass('s 
through the coils of the galvanometer, and conseipicntly iho 
instrument is n*»t very senMti\e. 

When an approximate balance has K on obtained, the phig may 
be shifted to the ln>lo marked 1 99, or that marked 19. For the 
tinal adjustment the plug may In: removed altogeth«T so that the 
full curnuit passes through the galvanometer, and the arrangeiiieiit 
is as sensitive us possible. 


Exit. 23 *), Determination of the Resistance of a Wire 
by Means of a Post-Office Box. — (/onneet up the wire, the 
battery, and the galvanometer to the J*.(). Ih»x after working 
out the jiropcr* eonneclions by the aid of the loregoing 
description and diagrams (pp. 49G-I9K, 500-508). 

When the <'onneetioiis have lx*en made, Temovc* the plugs 
marked 10 in the ratio arms of the bridge. The ratio of P to 
Q is then 10:10, that is a ratio of eipmlity ; and for the 
bridge to be VxilanccMl, Ji, the adjustable arm, must be e<pial to 
S, the unknown resistance, tShiint the galvanometer with 
the 1/999 shunt if a shunt Iwx is sujiplied, and see that all the 
plugs in li are in place. Make contact momentarily with 
both keys and note the direction in wdiich tlie mirror of tho 
galvanometer is deflected. As tliis deflection is probably very 
great, it is usually Ix'tter in tliis stage of tho experiment to 
w*atch the mirror itself instead of the aj)Ot of light on the 
scale. Next remove the plug in II marked ‘infinity/ and 
again note the deflection. It should be in tho o}>posito direc- 
tion to that previously observed. From these observations tho 
experimenter should construct a simple rule to bo borne in 
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mind during the remainder of iSie determination : When the 
deflection is tb the right (or to the left, or away from me, as 
the case may be) the resistance of the adjustaUe arm is too 

Ileplace the infinity plug and take out another (say 1000 
ohms) and notice the defieetion, seeing whether the resistance 
is too large or too small. Determine in this way limits 
between which the resistance must lie, and proceed till the 
value of the resistance S is found correct to the nearest ohm. 
Suppose S is found to be between 6 and 7 ohms. 

To deternffne the ribxt decimal place, that is to find the 
value of S correct to 0-1. ohm, remove the x>lug from the 100- 
ohin coil in P and insert the plug in the 10-ohm coil Then 
the resistiincc in P is 100 ohms, that in Q is still 10 ohms. 
The ratio of P to Q is 100 : 10 or 10 : 1. Consequently, when 
the bridge is balanced, 11 must be 10 times S. Adjust the 
re.sistfinco 11 till an ain>roximatc balance is obtained. If S lies 
1)(»twoen 6 and 7 ohms, 11 must lie between GO and 70 ohms. 
f>iqq>oso it is found to lie between G3 and 64 ohms. Then the 
value of S lies between G«.3 and G*4 ohms. 

Next remove the plug from the 1000-ohm coil in P and 
insert the jdug in the 100-ohm coil. Then the resistance in 
P is 1000 ohms, that in Q is still 10 ohms. The ratio of P to 
Q is 1000 : 10 or 100 : 1. Consequently, for a balance 11 must 
1)0 100 times »S. It is clear that II must now lie l)etween 630 
and 640 ohms. Suppose it is found to lie between 638 and 
63|^o]ims. Then the value of S must lie betw^een 6*38 and 
6* 39 ohms. ♦ 

With a sensitive galvanometer yet another decimal figure may 
1x5 found by noting the reatiiig-i)oints of the spot of light on the 
scale when Jt is adjusted to 638 and to 631) ohms, and using the 
metluxl of ‘ ])roportional parts,* If, for example, 638 ohms 
give 6 mm. on one side, and 639 ohms give 9 inin. on the 
other sitle of the galvanometer zero, a difierence of 1 ohm in 
11 causes a change of 15 mm. Therefore a change of 6 mm. 
means 0-4 ohm, /.c. 11 = 6384 ohms and 8 = 6*384 ohms. 

Determine in this way the resistance of a coil to within 
0* 1 |X'r cent. 

Determine also the resistance of a piece of wire, and, 
calculate the sj)ecific resisUnce of the material of the wire. 

Wlien the unknown resistance*. S is large, it may not he possible 
to find its value correct to the ^ Jiylb })art of an ohm, or even to 
the T^V'h supplied in the ordinary 

Post-Office Box. In such a case it should be noted that, as a rule. 
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tlu‘ is most si'iisitivc \vlu*ii tin- four iirius o‘ ihr uu- 

aj)proxiin;iU*ly i‘(|ual. 

tlu' unknown ivsistaiuv is vtuy larp-, it in y Iv ih«‘i*sniiv 
to iiiaki‘ tin* iv>istain*i' 10 tiiiins or f\fn 100 tilin’ tin* h’>istan« f 
V in onler to olUain a kilaiu’t* l»v ailjiistinu; K. Tln-n tin* 
rt'sistaiKL* S will lie 10 times (or lOO tinifs) tlie iv>; Mine U. 

Kxi't. ’Jori. Determination of the Resistance of a Gal- 
vanometer. -The }»rinei|ile ot the inethoil is lh> .Niine with 
tile >Uvle \vire lirhlge (|». hOT). The oahanoiin ter forni'v tin* 
fourth arm t>f the brul^ii**, as the unknown re.-i>t:inei* S. A 
tapping key is not useil in the battery braneh. As soon a.s tlie 
couiux'tioiis are eom|ileteil the s|X>t of lij;ht nsiuill.N pies rit'ht 

olf the sc ale. The nse of 
a galvanometer siiunt is 
ncU lulmissible in this ease. 

The chief (lillicMilty met 
with in this form of e.\- 
}H*riment is due to the 
jrreat scuisitiviuiess of the 
f'alvanometc'r. Tlii.s eause.s 
it to slay obstinately 
pressetl a^.iin''t one sich* 
of tln‘ ea.-e, liowrver iiiueli 
tin* eontrolline nia^niet i> 
turnetl. To avoid tliis 
tioiiblc-, the follow iiig 
means should #>e eiii- 
ployed : — /V/v// introdinr a eon.siderable r«*.sistain*e in tlie 
l>atterv arm; a resistain-e adju'^tabh? uji to 10,000 ohms may 
be Used eonveni»’ijtly if tlie fjalvanonnter is a specially 
seiisiti\e one. n.s<' ratio arni.s of the lowc*st possilile 

resi>tanee, Ixjth eijiial tn 10 oliiiis if ]K».>;sibIe. Thivtlhf^ reduce 
tlio seu-'itivc-iiess of the ftalvaiioiiiet<*r by lowering the control 
magnet until the jieriod of .swing is very short. See tlie notes 
on galvanomeOTs, p, 570. (TIiIn third method is not po-ssible 
in the ca.se; of su.s]H*nd<*d-coil g«dvanomcters.) 

It will now’ be found tliat the spot of light docs not move 
much beyond the scale, if at all, and it can In* brought back 
by use of the control magnet, or by turning the; top of the 
suspending fibre in a siiM|HTided-coil galvanometer. 

Mak(> the. reejuisite ailjn.stnient of U so that wlien tlio key 
, K is pres.sed tliere is no change in the position of the spot of 
> light. 

It will generally be found that U can be varieil over ». 
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witliont tlio [Ufsition of the spot, as 

tin ;nTJin^t!iiii-nt is now .-f> insnnsitivn. Tint scjiisitivcness may 
n<»\v I»(‘ incn'asnd a^'ain /»«;/•// ijrailunllij^ first by raising the 
eoj.trol inagia t. On rearliing the limit of imrreased sensitive- 
iK vS — consistent with control of tin? position of the spot — 
obtainable by this iiH aiis, the ratio arms may be huth increased 
to 100 ohms ea<‘h. This allows a bigger current to pass 
til rough the galvanometer, ainl a large inerea.^e of deflection 
results. Corre<'t thi.s deflection by rotating the control magnet, 
i)Ut do not Inmr the magnet again ; then adjust K as Ix'fore to 
give no cliangc in the po.sition of tin* s]>ot on pre.s.sing the key. 

With a galvanometer of the susj»c;nded-coil tyi>e, the ratio 
arms art? increased* at once to 100 and the increased deflection 
corrected by further twisting the fibre. 

The adjustment will now be more delicate than before. 
The sensitiveness is increased still further by increasing 
the ratio arms to 1000. Not until the extreme limit of 
sensitiveness has been reached in this way must the resistance 
r l>e diminished. If necessary, the ratio arms may be adjusted 
later to give 10 1 in the case of galvanometers of resistance 
lower than 1000 ohms, the same precautions being taken a.s to 
seiLsitivity and control. 

The battery and key mnut be connected as shown in Fig. 251 
if these means of retliicing the sensitiveness are employed, othcVwise 
redueing the resistance of the ratio arms will not have the desired 
(‘tfect. 

If lilt? expcvlinent be carried 
out carefully as dc.M ribcd above, 
the resistance of the galvanometer 
can 1 m‘ deterinined quickly and 
conveniently. This method en- 
ables a student to carry out this 
experiment with a gratifying semso 
of certainty. 

Exi'T. 237. Determina- 
tion of the Resistance of a 
Battery. — The battery forms 
tlu^ unknown arm JS of the 
bridge. Keys are not used for 
the batttTy or the galvano- 
meter, but a taj>])iiig key is employed in the diagonal branch 
lUb The methods available for diminishing the steady" 
dellection of the galvanometer are exactly the same as those 
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flesorilKMl In t)io (letormination of tho ivsistniir <»f tlio ;j:aIvaiio- 
meter. Tim simplest statement of the arning meiit is to Kxy 
that tiie jKwitions of the Imttery ami of the p ilvamnmltT are 
meivly interohan^etl, every other eonneetioi , im helin^ the 
resistuuv r, being left absolutely the .same in tlie measure- 
ment of tlic galvanometer resistance; and the adjustments arc 
made in exactly the .same way. 

When r, Q, and K are adjusted .so that thr galvanometer 
dettcetion remains unaltered when the key K is tle[>reH.sod, the 
battery resistance is gi^^m by 

P H 

crir . 

§ 3. Wheatstone’s BuintjK : Carky Foster’s ^IIethod 

The oixliiiary slide-wire pattern Wheatstone’s Bridge is not 
susceptible of very great accuracy when cmj>lovcd in the usual 
way. It is im|:.H)s.sible to find the position of the balanct^point 
to within l.miu., and with a slide-wire 1 m. long this un- 
certiiinty introduces a possible error of at least. If the 
dlfcdancc jKnut be not at the midille of tiie wire, the uncertainty of 
the result is greiitcr than this. A longer .slide-wire can he used 
if desired, and the relative magnitude of an error of 1 mm. is 
corres]x>ndingly reduced ; but the u.sc of a slide-wire longer than 
1 m. U inconvenient, 

III Carey Foster’s arrangement the efffcfire length of the slitlc- 
wire is increased without actually using a wire of more than the 
normal length, by introducing resistances in series with the wdre, 
one at each end. The connections are as indicated in Fig. 253. 
The arms of the bridge, P and Q (Fig. 243), arc the resistances 
lij and Kg rcsiicctively, the remaining arms K and S being 
comiKjscd of X plus a length /j of bridge- wire, and Y plus the 
remainder of the bridge-wire (/g). 

When the bridge is balanced, \vg have the relation 
P U 
(1 "S 

R| X -f Zjp 

Kg"YT/g// 


stated as 
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wh<T<» !> i}j the rcsiHt;irifc of I cm. of the hridge-wire. If X 
iuul V Jire U)gfttlier Ui alHjiit l(‘n times the rosistonce of the 
bridge- \\ ire, the terms and ijt are of the order of 10 per cent 



Pw. 2r#3.-~ Carey Foetpr's Method. 


of X and V, Any error in reading is thus reduced to about 
i*^th of the relative magnitude it has M-hen the bridge is used 
in th <5 ordinary way, an error of 1 mm. corresponding with an 
error of ^ ^ht5 result instead of 

End Corrections. — If the liridge-wire is soldered imperfect!^' 
at tlm ends where it joins the coppt^r strips, the joint maydiitro 
ducc ail apjireciable resistance into tlie arms K and S, and th< 
true ratio sboukl be exjwessed as 

Kj X + I^ff + X^f) 

1 {._, V r .Jt -r X^p 

Aj and X^ being the end corrections expressed as enuivalent 
leiigtlienings of the two parts of the wire. 


METHOD OF ELIMINATING END CORRECTIONS IN CAREY 
F0STER*S ARRANGEMENT 

By the following method of ivorking, the effects of these end 
corrections ciin he eliininatetl when using the ^lide-wire bridge 
in Carey Foster's arningeineiit. 

The ratio is expressecl as 

2L 
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X -K/, 

Jijj \ h (/., ~t A..)// 


if Wij take into iuroiuit the eiul rotTe(*ti<»ns. 

If iu>\\' the resistances X and V are inteiThani:e<l, a nt*\v 
biilanco jx)int may found at a {Kunt wlmse disianci *^ are 1^' and 
from the ends of the wire, and we have 

\l, A%(V^A,hl 

lio X • (/jj -t \.^)p 


From these two \alues f»f 


i;.. 


we can obtain 




X 

X;<7,..\,V 
■ V ' + 'S • 'V'/*’ 

an<l 


X 

V * o: ■ A,^/. 

iij • i;. 

- ' ii' ' ’i ■ -s \'i' 

The 


ol 

!ln‘-e fra< tion.s are itlrn!ie;i 

h - h ' 

-t- 

Y ■ luM.ee 

X ( 

/, 

Y (<■,' • A,v, 

or 


X 

V iV-v/.. 


(li 


r-) 


since 


This methoil of workin,:: i> only suitable for the conii»;uison 
of Iw’i) resistances X aid A [)ro^ide^l they aif insirly i*<|nal, as 
for comparing a honie-ina<le resiMtanee uitli a standard resistance 
to which it is supj)osed to be e<|UaL 'J'his is, Imwever, a tyjie of 
experiment whicli frc«piently ba^ tolut perfornn'd in practice, and 
Carey Foster’s arrangement is a convenient iiHJtlnal ut' aiiryin^ 
it out w'ith simple, apparatus. One great advantage of the 
method lies in the fact that and IC ikmmI not be known 

accurately : it is only necessary that they should be aj)})roximatcl} 
equal and absolutely constant. They should have about the 
same value as X and V. 

It is worthy of note that in this method of comparing two rc^ 
sistances, the resistances themselves arc never compared dirfithj 
in the wh<Jc experiment. 


Kxpt. 238. Construction of a 1-ohm Coil.— I)eterinine the 
resistance of a piece of iiiangauin or cons tan tan wire by in(*an.s 
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I inctrtj (]>. 500). CiiIciilatL* wJuit Idii' if the ^^i^e 
imi^t he to in.ike a ivsistan**e of 1 ohm. 

If very ^reat accuracy he not required, cut off a i»iece a few 
CM iitimetres Itui^^er than tliis. »Sol<lcr it to two Htout copjier strips, 
or to two teriiiinalrt mounted on the top of a wooden bobbin. 
Jiedetermiiie its resistance, and sliorteii tJie wire to the required 
amount by twisting the middle part of the loop together, 
soldering the twisted part of the wire when the adjustment is 
correct. 

If very great accuracy he reijuired, cut olF a length of wire 
about JO /icr emt lovf/tr than the cjdculated length for 1 ohm. 
Solder it to two terminals as already doscril>ed, and redetermine 
its resistance very accurati‘ly. Calculate what length of .similar 
wire would liave to he connected jutraUel 
with it in order tliat the rcsi>tance of the 
two together, wlieu connected in parallel, .shall 
he 1 ohm. 

if tlic above instructions havr he<*n carric il 
out can-fully, the length required for the 
jiarallel wire should he about ten times as 
long as the piece originally cut oil*. 

Cut off tills Irngili, and solder it in ]•arallt‘] 
with the tirst length across the terminals (►f 
the hohhin. 'Cake each loop of wire, and 
liraw it out so that the halves of tlie lo(q> 
lie close together aud ]»aiMl!el. AVrap the 
two loops .‘iepanitilv round the]>obhin, taking 
the halves of ea< h loop round and round in fio. i-ohm Coii 
the >ame tlireetion. Fix the double eiul of 
each loop to the w’ood of tin* bobbin with sealing-w.ix, taking 
<Mre iiot to niakt* too sliarp a bend at the end of the loop. 

Wrap tape nnind the coils thus f(»rmcd and immerse the 
wliole ill molten pa ratlin wax. 



It is ilesirable to test tlie resistanci* U*fore wrapping and waxing 
the coil, if great accuracy is required. If the resi.stance is not (]uite 
exact, the linal adjustment is made by twisting together the end of 
tlie loop to the middle of the hmiivr wire, soldering together the 
twisted end when the adjustment is exact. 

Fm't. 230. Standardisation of a l-okm Coil by Caxey 
Foster's Bridge. — C’onnect two nearly equal resistances across 
the inUhlie gaps of a slide -wire bridge. Two coils of 
sqquoximately 1 t>hm each are suitable for this purpose ; these 
constitute the resistances Kj and ll^ (Fig. 253). 
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In the extreme gaps insert the resistance to be standarised, 
and a standard resistance of 1 ohm ; the standard resistance 
is represented by Y in Fig. 253, and the other resisUiiico 

• 'm*- 

IS A. 

Find the jKnnt of balance 'when a galvanometer and a cell 
are connected as in P^ig. 253, — lot this be cm. from the 
end I of the wire as shtmn. 

Interchange tlie resistances X and Y, and again find the 
balance point : this will probably be in a ditlerent }>osition, 
say at a distance horn the end 1. 

Then X-Y + (//-/>, 

where p is the resistance of the bridge-wlri‘ per cm. 

Determination of p. — Remove tlio coils from the end 
gaps of the bridge, and close the first gaj) with a thick 
copper strip. Then X = 0. In the other g{ip insert a deciinab 
ohm 1 ^ 3 X, connecting it to the terminals of the bridge by copper 
strips of negligible resistance. Usi^ a resistance of 0* 1 ohm in 
this box for Y. Determine the point of balance, and let it bo 
^•| cm. from the end I of the wire. Interchange thi^ pf>8itionH 
^of tlie copper strip and the decimal-ohm* box, and h*t the new 
position of the balance-point k* cm. from the Siiiiie end of 
the wire. 

Then by substituting in the general etpiation 

X- Y+(V-/,V>, 

we find 0 - 0* 1 + - x^)p, 

01 

80 that /)- . j -- 

i ri 

Similarly if 0-2 ohm is used for Y, and the corresjwmdittg 
balance j)oints are cm. from the end of the wire, 


02 



Since the differenctj lietwcen and //^ is greater than the 
difference between and yj, this re.*»ult is*morc accurate than 
the former. 

By UMTig still larger values for Y still greater tMTuracy is 
»»cnred, but Y must Ui less than the resistance of the slide-wire 
itself. 

Calculate the resistance of the bridge-wire imt ciii.,,^nd use the 
residt to find the resistance of the coil under test in terms of the 
standard ohim 
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The same inolhod may l)e used to find the resistance of the 
British Association Ohm in terms of the Legal Ohm. 

COEFFICIENT OF INCREASE OF RESISTANCE 
WITH TEMPERATURE 

The ratio of the difference of jiotential between two points of a 
wdre to tlie current through the wire is constant only when the 
temperature is constant" In other w’ords, tlie resistance of a wire 
varies with temperature, and, in general, the resistance at a higher 
temperature is greater than the resistance at a lower temperature.* 
The increase of resistance jier degree rise of temperature is 
approximately constant for the same wire. The Coeflaoient of 
Increase of Besistance with Temperature is the Increase of 
Resistance per degree, divided by the Resistance at O'* O. 

Thus, if « resistance at 0" C., 

and lit = resistance at C., 

the mean value of the coefficient over this range is 


Thus, if tt is constant, 

= Ho (!+«/). 

To determine a, it is necessary to measure the resistance at two 
different temperatures. It is convenient to select the freezing 
point and the boiling point of water as the temperatures of 
observation. ’The value then obtained for a is the mean value 
betw^een 0* 0 and 100“ C. 

The aceunwy w’ith which a is determined dei)ends on the 
accuracy with which the change in resistance may l>e measured. 
Since Ilf - II^ is the small difference betw'een tw’o large quantities, 
each resistance must he meiisured most carefully. Thus, if the 
change of i*esistance Ik; of an error of 0-1 per cent in 1\^ or 
lie bt'comca an error of 1 \yeT cent in For this rt^asou 

Carey Foster’s met nod (p. 512) of using Wheatstone’s Bridge is 
used for this determination. 

Expt. 240. Determination of the Temperature Coefficient 
of Besistance for Platinum. — small coil of line jilatinum 
w’iro, l^iving a resistance of alxmr 1 ohm, is fitted w^ith thick 
copiH*r Iciuls and phu’cd inside a glass tube closed at the loww 
end. The leads outside the tube are of flexible wire. An 
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exactly similar sot (»f IfUtls simply s<)l<l(*iv<l to^^’tlirr at tin.* 
lower omU is also ])roviJocl. Those are oalletl the com- 
pensatingr leads. The omls of the leails are lit tod with 
copper councctin^ forks, those connootod with the ]>latiiiiipi 
being lcttcro<l PP and those attacJied to llie compensating 
leads bt'ing lettered A metre bridge with four gaps is 

retpiired. In the two inner gaps of the bridge conm^ct two 
ti'nrfh/ e»iual resistances IL 11 (1-ohm eoils are .suitable^ 
Conneet the terminals marked PP in oiu* f>f the o!it(*r gap-. 
Conneet one of the C bTininals to mu* side of the otle 
gap, the other C terminal to a terminal nf an uljustal 
re.sistaiiee box S ecmtaining ohms and de»‘ima]s ol an uh) . 



Fk.. - -T*-iiip.Tat!5i*’ C'oi-rtu'if-nt of m'sKtiiuco. 


The second terminal of tins n*slstaiu e box must bo rmmeet<‘d 
to the otlier si^le of the ga[» by a tliiek coiiper strip. (^»nm‘ct 
a mirror galvanonu ter to the teriniiails A and 1), and the 
battery to 11 am I C. 

Tlie ])attery is connected to the tapping k«‘y on ihi* slide- 
wire to obviate heating elfeets <lue to the current, for with 
this arrang(;ment the current only during tlie moment 

the adjustment is Is/ing teste<l The adjustment for balance 
is correct when there is no i m media U detl(‘ciion on tlejnvssing 
the tat)ping key. If the key is kept down for a short time, 
the platinum becomes heated by the passjige of tin* current, its 
resistance changes, and the balance is no longer correct. 

The arrangement described forms a Wlieatstonc’s network, shown 
diagrammatically in J’dg. 255. When the point of balance is foiuul, 
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11 P + r + xp 

ii ^ + (100 


whei^' 1* ~ resistance of iJatinum coil, 

r ~ resistance of connecting (or comf>en.sfiting) leads, 

S' ^ distance of point of balance from one end of bridge- 
wire, 

/> = resistance of 1 cm. of bridge-wire. 


Now 



consetjuently + r h yp - r + S + ( 1 00 - x)p 

or P = S + (100 -lV)/>- 


XoTK. — The viiliie of P slionld be calculjited from the result 
(obtained wlien S is adjusted so tiiat the balance point is as near 
as possil»le to the middle of the slide-wire. 


Determination of p. — Place the tube containing the 
platinum coil iii melting ice, and obtain a Uilance point with 
S e<|ual to 1 olijn ; h*t this l»e .#*j cm. from the end c»f the wire. 
Alter S to 1‘1 ohms and lind the new balance point; let this 
be cm. from the end.. Alter S to 1-2 ohms, and let the 
balance i>oint be Ji'^ cm. from the end. 


Then P-l+(100-2.r,)/>, 

P-M+(100-2.r..),), 

P-l-2 + (lU0-2.r‘)/>. 

J fence 1 *1 (100 - 2y^)p = M -h (100 - 2.c..)p, 

0-1 
2 - 

Similarly, from the first ami third observations, 

0-2 


The second value probably the more correct, though the average 
might be taken for use. 


Determination of P at the Preezingr Point and the 
Boiling Point. — The resistance of the platinum spiral can be 
calculated from the observations already made, since the value 
of p has been deh*rmined. 

The resistance at the boiling point is determined by finding 
a point t)f baliuice when the tube containing the coil is placed 
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in a hypsometer and suiTonnded l)y steam. The value of 
S must ^ adjusted so that tlie point of Imlance comes on Ute 
bridge -wire and as near the iuid<lle as ix)8siblo. The 
temjxjrature of the boiling point should be corrected for 
atmospheric pressure at the time of the experiment. 

Calculate the mean value of the temj'orature coefficient *>f 
resistance between the freezing point and the boiling i)oint. 


The mean coeffioitMit for any given range of teinpcnituro may be deter- 
mined by tiuding the resistance U| and lij at the limits of the range. The 
temperatures and may be found by u-ing a mert ury thermomeler to 
take the temperature of the bath in wbioh the ]>latimin spiral is immersed. 


Then Ki - Ky, I + a/,' and IL= K,/l + a/..). 


Hence, by division, 
giving 


1 + a/2 
Itj 1 -i* a/| 
K.>-Ri 

“ kj/. - liv'j 


S 4 . (-OMPAKISON OF IvRSISTANcKS PV TJIK FaLL OF 
PoTKNTIAb MkTHOO 

When two resistances are included in the same circuit so that 
the same current is Rowing through each, we can compare the 
resistances if we can compare the potential difterences between 
the ends of the two resistances. 

Let DK and F(t be two resistances, whose values are f\ and 
j respectively, and let them be included in a circuit contidning 



®llll 




l•l' 



c 

r. 

> 

0 


Fio, 260. — Cuiuiiarison of ReMistaiiccs. 

any other resistance K and a battery B. Then the same current 
C flows through each part of the circuit 

If V stands for the potential at any point, we have, in 
accordance with Ohm’s Law, 
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and 

Consequently 

Hence, if we can compare the fall of potential between D and 
K with that between F and (x, we can find the ratio of to r^. 
This method is specially suitable for low resistances. 

Expt. 2n. Comparison of two low Resistances. — Connect 
in series a 2-volt cell, a large adjustable resistance R, and the 
two low itjsistancc.'s and ro, as in Fig. *256. 

If wo determine the ratio of the differences of potential 
l)etweeu J)K and FO, we can find the ratio of to n, : if 
either of these is knoAvn, the value of tlie other can Ijc found. 

In order to coinjiare the fall of potential in one case with 
that in the other, all that is iK*<‘ess{iry is to connect the jKunts 
D and E to a galvanometer (virtually a voltmeter) 
and observe tlie deflection, and afterwards to connect the points 
F and O to tlie same galvanometer and again observe the 
deflection. A double-} >ole throw-over switch is convenient for 
this experiment (p. 584). 

If (/p (i, are the deflect ions (assumed small) in the two cases, 

Vi>-Vk (/i 

v.-Vc d; 

.Hence , 

r., (L 

(V)mpare in this way the resistance of a metre of copper 
wire of about 20 standard wire gauge, and a standard resistance 
of 0* 1 ohm. Find tlie resistance of the copi^er wire in ohms, 
and from this and the dimensions of the wire determine the 
s})ecific resistance of copper. 

This is a very useful method of comparing resistances, and 
deserves more attention than it has received. The principle is 
applicable in the case of the comi>arison of very small resistances. 
Ill some cases a quadrant electrometer may be used in jilaoe of the 
high-resistance galvanometer. It is, of course,*a deflection inethoil, 
and is therefore not so accurate as Kelvin’s Double Bridge, which 
is a null method. This exiieriment is too atlvanced to be described 
in this book. 


Vr-vrr; 
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§ T). Mkasi kkmknt of lliini Rksistances 

The ordinary form of Post-OlUec J>ox may he used to measure 
resistances u[» to 1,000,000 olimi^. J>y liaviiig resistances of 10 
ohms and lUOO ohms in the ratio arms P and Q 
unknown resistance may he lt>0 times as lar^^o as the ri‘sistanc(* of 
the adjustable arm, which is usually not greater than U),0(»0 ohms. 
Thus tlie unknown ivdst uuv may bt‘ 1,000,000 olims. To inea>ure 
a resistance greater than llos a naulitication of tin* suij^titnlion 
method may ]»e cm I •!«•}•( <1. A battery ot constant K.M.F. is u.^ed 
to send a curnail tlimugU tlui hi^h resistance ]»laced in .seii«‘s with 
a seusitiM* ^Mlvaiiomcter, and the dellection is obMU ved. 'lliti .s;ime 
battery i>. then connected throiii^h a lar^e allju.'^lable vesi>tanci‘ io 
the g.ilvanoiiieter, but the galvanometer is now s/ti(nff>l so that 
only a known fraction of tiie total eurrtmt j»a>s»‘s tlirough it. If it 
be tujssible to obtain the same detleetion as before, the unknown 
re.sifctanee can be calculated. If the adjustable resistance bo not 
large enoiu^h to make this |>ossil»le, the detle»*ti<>n obtained with the 
largest available re^istaneo is umUmI, uikI the calenlation is carried 
out (ui tin; as^umi»ti(»n that the detleetion is juoportional to the 
current through the galvanometer. Another nuUliod tliat may bo* 
U'^ed in such a ca-e is to vary the applied KAF.F. in a known 
manner, as by varying the number of cells in a ]>attery com[»osed of 
cells of eipial K.M.F. 

Ill measuring high resifttances the various ]>arts of the apparatus 
mu>t be in^ulated carefully: thus no w'ires slnmld be allowed to 
toucli the table, as the re‘-istanee of the W'ooil may Ije comparable 
with the roistanue that i.> 1 icing measured. 

Exi'T. 212. Measurement of the Resistance of a Carbon 
Strip. — A suitable liigh resistance for this exi)eriment may Im* 
constructed by fixing two terminals to an ebonite base, and 
drawing lines from one terminal to the other with a black-lead 
(grapliiU;) pencil The ai»]>aratus should l)e i)rovided with a 
eover to protect the carlKiii stri[»s from damage. 

Connect the unknown resistance in series with a battery 
giving an K.M. F. of b or H volts, a i»lug key and a sensitive 
mirror galvanometer. Observe tlic ilefleetion dj j)roduced 
wlieii the whole of tlie current passes through the gal vanometer. 

Ihiinove the unknown resistance, and in its jilace put an 
adjustable large resistance — a Post Otlicc Pox will serve tlie 
purpose. Shunt the galvanoiiu;ter with a coil having a resisC 
ance of tlie galvanometer i*e.sistance, so that only ,oV,r) 
^the total current j^asses through the galvanometer. Adjust 
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the rcaistancii ho lhat the (hjflection obtaiutwl in the Kanie 
that previously ohserviMl. Then as tlie total current is now 
1000 times in the lirst part of thii exjKirimerit, the 
unkiuiwn rcsisUnce must l^e 1000 times the resistance in the 
resistance box. 

If it 1 m* impossible to obtain in this way a detiection as small 
as that observed in tie* lirst })art of the ex|Kirimeiit note the 
deflection (</.,) obtaij»ed with I0,0<t0 ohms in the box and the 
^Mlvanometor shnnte<l so that of the iatal current j»ivsses 

through it. Sinn; the detiection may In* a>sniin*d i»rf>]»ortional to 
the current, and the current is inversely proi^ortional to the resist- 

d , 

ance, the unknown resistance has tin* value x lO/HiO x /• 
Calculate the unknown ivsistaiict* from the <Ieflections observed. 



CHAPTER VI 

ELECTIlOLYSIS---ELi:CTROCITEMK^VL Kt^UIVALENTS 
J 1. Elkctrolysis 

Liquids which are decomposed wlien an electric current passes 
through them are termed electrolytes, aiul the process of decom- 
position is called electrolysis. Solutions of salts and acids in 
water, and certfiin comiX)unds, when fused, are decomposed by 
the pas.sage of a current, the products of decomposition appejir- 
ing only at the plates where the current enters or leaves the 
electrolyte. These plates are termed the electrodes, that where 
the current enters the electrolytic cell being called the anode, 
the other the kathode. Thus, inside the electrolytic cell, or 
voltameter, as it is often called, the current Jhnvs from the anode 
to ths kathode. The metallic (electropositive) ions, including 
hydrogen ions, are canied along with the current towards the 
kathode. In his “ Experimental Researchdfe ” Faraday writes: “ I 
propose to distinguish such bodies by calling those anmta which 
go to the anode of the decomposing body ; and those passing 
to the cathode^ cations ; ami when I shall have occasion to spoali 
of these together, I shall call them 

It was proved by the experiments of Faraday that the mass 
M of a radicle set free by the passage of a current is directly 
proportional to the quantity of electricity, Q, which has passed 
through the voltameter. But Q - Cf, where C is the strength of 
the current and t the time during which the current has passed. 
Hence M is proportional to C/. 

524 
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If the same current be passed through several voltameters iit 
series containing different electrolytes, the number of ions that 
enter into chemical action in a given case is proportional to 
the chemical equivalent of A ion concerned. The chemical 
equivalent is the mass of an ion or radicle, which will replace, 
or combine with, one part by mass of hydrogen. In the case of 
an element the chemical equivalent is e(pial to the atomic mass 
divided by the valency. Thus in the case of copper, whose 
atomic mass is about 63, the chemical equivalent in a cuprous 
salt like cuprous chloride (CuCl) is 63, because copper here is 
univalent, while in a cupric salt like cupric chloride (CuClg) the 
chemical equivalent is 63/2 because copper here is divalent. 

The electrochemical equivalent, e, of an ion is the mass in 
grams whicli is set free by the passage of unit quantity of 
electricity. It follows from this definition that 


It also follows from the statements above that tlie electrochemiad 
c(iuivalent is directly proportional to the chemical equivalent, or 
the electrochemical equivalent of an ion is ecpial to the chemical 
C(iiiiv;dent of the ion multiplied by the electrochemical equivalent 
of hydrogen. 

The Practical Units of Quantity or Current of Electricity are 
frequently defined in terms of the amount of chemical action 
produced by the passiige of electricity through an electrolyte. 
Thus, the International Coulomb^ has been defined as the 
quantity of electricity which libemtes 0 001118 gm. of silver 
from a neutral solution of nitrate of silver in water. Again, a 
current of one International Ampere^ is that current which 
liberates per second 0 001118 gra. of silver from a neutral 
solution of nitrate of silver in crater. Thus, the electrochemical 
equivalent of silver is, from this definition, O'OOlllS gm. 
per coulomb. The chemical equivalent of silver (referred to 

' Thtt Tstufu/ or Infernational Coulomb ami Ampere detineil in this way ililfer 
by a very sniail iiiuount from the Coulomb aiul Ampere defined by means of the 
magnetic action of a current. 
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hydrogen) is 107*02 ; hence the clcctrochemiciil e<|uivalent of 
hydrogen is 0*00001045 gm. per coulomb. 

The quiintity of electricity required to liberate one (jrattHthm 
of any univalent element is calldf one Faradaif^ and is equal to 
107*8S-r0*001118 = 00500 coulombs approximately. 

One gram-atom means that mass for which the number of 
grams is the same as the number representing the atomic ma 
of the element. Taking the atomic mass of xygen as lO, on 
gram-atom of silver contains 107*88 gm. 

§ 2. DkTKKMINA rio\ of KLK^Tmx’IlKMICAr, I*X»i ivai.knts 

ELECTROCHEMICAL EQUIVALENT OF HYDROGEN 

W hen a current cif electricity is ]>assed between ])latinum 
electrodes llirough a dilute solution of sulphuric acid in wat«'r, 
dccompo>ition takes place, and oxygen is evolved at the anode, 
hydrogen at the kathode. In tin's case the current can he made 
to pass ct)ntinuou.dy only if the (*leclromotiv(‘ force available 
is greater tliaii about 1-5 \olu, for tln‘ products of decomposition 
on the electrodes act like the jilatcs of a cell. This cell has an 
E.M.F. which the pas-iage of the current, the Back E.M.F. 

set up being aliout 1-5 volts. If the strength of tlie current 
p«ls^ing through the solution he extremely small, it may happen 
that the hydnigen liberated is dissolved by ilie water and no 
vi.dbhi evolution of ])ubbles of gas takes })lacc, but with 
stronger current huhldes should be evolved freely and the water 
soon he saturated with gas, so that all the hydrogen liberated 
subsequently may Ixi collected. 

Oth« r solutions may ))e used in place of the suli^huric acid 
solution, ejh in ])reparing very jmre hydrogen a solution of 
barium hydroxide Ba(OII).^ is frequently employed. 

In ord(‘r to determine*, the elect roeheinie,al equivalent of hydrogen 
it is necessary to pass a kiK)>\ii eurrcnl for a known tiino, to <;ollect 
the liydrogtui evolved, to measure its volume under known con- 
ditions, and to calculate its weight. 

To measure the current a tangent galvanometer may be iisecl^ 



CH. VI ELECTROLYSIS — ELECTROCHEMICAL EQUIVALENTS 627 


for tins measures the current in ahmluU units. It is, however, 
oftim more co^ivenicnt to use a moving coil ammeter, reding, say, 
froiu 0 to 3 amiKires, which has been standardised already by 
comparison with a tangent galv^oinetcr (p. 466). Caro must be 
taken to connect the terminal of the ammeter marktfd + to the 
|K)sitiv(^ terminal of the battery. A current of from 1 to 2 am 3 ;)eres 
is usually convenient, and a suitable current may Ik* obtained 
by varying tlie number of cells in the battery, or by introducing 
sutlieient resi.stanc(j in the circuit when the current is taken from 
the electric-light mains where direct current is sujn»lied.^ »^*veral 
ditlerent forms of a}»paratus have bet*n constructed for collecting 
the gas evolved. Two only will be referred to liere. 

1. Apparatus for Mixed Gases. — Tin* g]a>s ]»ortion of tlic 


a])]»aratus is constructed as in 
both el<;ctn»des is collided in 
orn* and the same tube, which 
is gra<liiat«‘d in c.c. Two \ol- 
uiin*s of liydrogeii are evolved 
to one Volume of oxygen, so 
tliat of tile total volume of gas 
collected only two -thirds are 
hy<lrogen. 'j1ie graduated glass 
tulu* can ]>e relilled with water 
by tilling tlie ai>paratus on its 
shhi re[»eatedly. In this way 
the ap|»aratns can Ixi prepared 
for Use expcilitiously without 
the ri.sk of dilute acid being 
spills) let I about on the labora- 
tory table. 

* Exit. iM.’b Determin- 
ation of the E.C.E. of 
Hydrogen. I. — The method 
of making the eoiincctions 
is sliowMi in Fig. 2o8. 

AVlieii tliese eonnectioiis 
have been made, complete 
till' circuit for a few 
nioinents by means of the 
plug kt‘y, in or(h*r to see th; 
on tlie amni(‘tt*r, and that 1 
the elect rodt‘s. It the curr 


Fig. 2o7. The gas evfdved from 



Fn.. Voltaiiu'ttT f*>r (;&,*»« 

it a suitable deflection Ls obtained 
nibbles of gas art* givt*n otl* fnuii 
cut is obtaint*tl fn>iii a battery of 


* For 11 ooiivenioiit type of lump resistauce see p. 58S. 
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Voltiimeter 




storage cells, a piece of i*esi8tance wire (platinoid or inanganin) 
may he intixxlutvd as one of the connecting wires, in order to 
adjust the current to the strength desired. Before begiming 

the actual experiment 
rtunove the hubbies of 
gas that have collected 
in the gra<luatiK;l tube 
during the preliminary 
(uljustnieiit.s. 

Start tlu‘ current and 
the seconds Inuul of a 
stop-watch, or clock, ai 
the same instant, and 
allow the evf>liition of 
gas to {‘ontiime till the graduated [xntitm ()f the tube is lillc<l 
with the inixetl ga>e>.^ Itoatiings of tla^ aininettT must 1 k» 
taken every half minute, and from these readings tlh‘ nu‘an 
value '*f tin* • urrent must he cah ulated. When the full amount 
of gus hav'i het‘U eolleeted, stop tht‘ current and the. stop-waleh 
at the Sana' in-*tant, and liiul the \alue of the lime m mrnmh 
during wliich the current has Iwen llowing. Determine also 
the volume, e c.c., of gas collected under the conditions of tlio 
experiment, nunemhering that only two-thirds of the total 
quantity of gas is liydrugcn. 


r'lo. D.‘U}niniiation of El»x:trocheiiHcal 


This volume, r c,c., rcquire.s to he corrected for temperature and 
pressure, that is, we r€?(juire to find what the volume would ])e at 
O^'C. and under a pressure of 70U niiii. of mercury. 

Correction for Temperature. — This correction is most <*asily 
applied hy using the ftf/sohtff' arale of temjK*rature, since the volume 
of a given mass of gas is directly proj»ortional to its absolute 
temj^erature. To convert tein)ierature.s iin the centigmde scu^^^to 
temperatures on the absolute sc^ale it is only necessary to add 273’' 
to the reading of the centigrade theriiiomcter. The volume of the 
gas at O' C. (or 273* A.) would he 


where T Ls the temperature of the ro<jirj on the absolute flCale. 

Correction for Pressure of Aqueous Vapour. — Let' V bo 
the actual jiressiire in mm. of mercury of the gaseous mixture 
in the tiibe at tlie end of tin* experiment. 


’ The evolution of gas iiiust not he continued long ciioiigli for the electrodes 
to become uncovered by licpiid ; if this happens there is some risk of a serious 
explosion taking place with this form of apparatus. 
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L<‘i B lx? tlic height of the barometer in mm. The pressure P ’ 
in the tube differs from the atmospheric pressure on account of the 
difference in water level between A and D (Fig. 257). 

Let A = thc difference in level in mm. between A and D. The 
pressure due to the difference of level between A and Da»A/13*6 
mm. of mercury, since the density of mercury is 13»6. Hence 
P-B + A/13.fl. 

The total pressure P Is iiiacle up of a j>ressiire P' due to the 
hydrogen and oxygen, and due to the aqueous vapour ^n the 
tube. The space in tlie tu])e is saturated, thereff>re = saturation 
va^Mnir pressure of water in mm. of mercury at the teiiq>erature of 
tlie room. 

Thus, P' "- P- 7 >, or P' = B + //T3*6 - and consequently the 
volume of tluj Iiy<tr(>g(‘n and oxygen together under standard 
pressure (7G0 mm.) at 0" C. is 

273 V 

n,= '-x 

27.{ B + 

^ -7C.0 •• • 

Tlie volume of tlie Imirogon is two-thirds of this volume. 

The mass of 1 litre of Jiydn^gen at 0 C. under 70U mni. of 
iiienMiry is 0 0<'^9S7 gni., so that mc may take 1 e.e. of liydrogen 
under these conditions as having a mass of almost exactly 0- 00009 

2 

gm. lienee the mass of tlie liydrogen M x 0-00009. 

TJie elcctroehemieal equivalent of liydrogen may then be 
calculated from the equation 

The experiment may Ixj re|H'atcd with different values of C. 

II. Apparatus for Separate Gcises. — Tn this apjxiratus the 
oxygen and liydrogen are collected separately in two inverted 
gas collecting tubes, or burettes. These are tilled with water l>efore 
the coinmencenieiit of the exiJcriment and placed in position over 
the platinum electrodes (Fig. 259). 

Expt. 2il. Determination of the E.C.E. of Hydrogen. 

II. --Make the electrical connections as in Fig. 258, and till 
the (collecting tubes with water. 

Tlie resistance of the voltameter varies very considerably 
with the depth to which these glass tidies are immersed, so 

2 M 
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that thr strength of the current may he atljust d hy altering 
the iK)sition of one of tlie tulx's. In making this adjustment 

great care must h** ttiken to s«'e 
tliat all the huhhles of giis are 
caught witliin tlu' glass tuin; ; if 
the^tul>e is ii(»t aI a sufliciciit 
depth in the li jui«l .s(»me huhhles 
may escape. T1 j» pmcedure is 
very similar to tli.it already de- 
soril)ed, but in this case thi* 
hydrogen evolved at the kathulo 
is collected till the tube contain- 
ing it is iilled to the level of 
the Avater in the voltameter. By 
adjusting the level of the water 
inside the tube so as to be the 
Siiine as that of the water outside, 

Fw. 259t— VolUtueier for Seiiarat© iKJCOniCS ZCrO, and 110 COftCCtlOn 

Case:*. for difference of level is needed 



The a<iueous vai»cmr present must l>e corrected for. If the 
atmospheric jircssurc is B, and the volume V is read at atmosjdieric 
pressure, wc liave present in the tulie this volume of hydrogen at a 
pressure B - y*, p being the .saturation vaj^our ]>re.Hsure of aqueous 
vaixiur at the temperature of the water. 

It is also necessary to correct for tcm|)eratnro. 

The volume of the hydrogen, reduced to O'C. and mm. 
pressure, will Ijc given by 


Vo-Vx 


273 B-y/ 
•_'73 -W ^ "7 CO ’ 


where t is the temperature (centigrade) of tin* water m the 
voltameter. 


ELECTROCHEMICAL EQUIVALENT OF COPPER (CUPRIC) 

When a current of electricity is passed between copper 
electrodes through a solution of a copper salt in water, copper 
is dissolved from the anode but is deposited on the kathode. 
The amount of chemical change taking place is proportional to 
the quantity of electricity jiassing through the voltameter. It 
is found, however, that trtistworthy results cannot be obtained 
from the loss in weight of the anode, as small pieces become 
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loosoncil and detach thernselves from the anode mechanically^ 
so that in (juantitative experiments it is always the increase in 
weight of the kathode that is determined. Onr present object 
is to determine the electrochemical equivalent of copper, that 
is the Aveight of copper deposited by the passage of one coulomb 
of elec tricity. We must therefore measure the strength of the 
current by some absolute instniment such as the tangent 
galvanometer, and observe the time in seconds during^which 
the current flows. In many experiments, however, the value 
of the electrochemical equivalent is assumed, and the copper 
voltameter used to measure the strength of the current flowing. 

The Copper Voltameter consists of a glass jar containing a 
solution of copper sulphate made by dissolving atout 20 parts by 
weight of crystallised copper sulphate in 
about 80 parts of water. The solution is 
made slightly acid by the addition of 1 per 
cent of strong sulphuric acid. The anode is 
made of two similar copier plates placed 
inirallcl to one another and supported by a 
bridge of el)onite which rests on the top of 
the glass jar. The plates are both connected 
to one terminal flxed to tlie ebonite. The 
kathode is a copper plate of about the same 
size as one of the anode plates. It is placed 
between the latter and is attached to a brass 
block on the ebonite by a single binding- 
screw, so that it can be removed easil}- for 
weighing. As Ijoth anode and kathode are 
com])f)sed of the same metal as that which is 
liberated by tlie current, there is no back 
E.M.F. due to polarisation, and the smallest 
applied will bring about the deposi- 

tion of copper. But if the current is very 
small, a very long time is required to give 
an amount that could be weighed ncciimtely. 

On the other hand, when the current is 
too strong, the cop|)er is liable to scale off 
the plate. To get a firm and smooth dej)Osit 
of copier the current should not exceed one ampere for each 50 
or 60 sq. cm. (»f surface. It is therefore necessary to find the area 
of the two sides of the kathode and to calculate approximately 




Flo. 260.— Copper 
Voltameter. 
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tho defltvtion <>f thr galvjiiioinrtiM* rorivsiH'iidin^ to liis inaxinimn 
current. If the kalhoile Ih' a ivetan^tilar plait- alx it o ein. 
and he immersed to a dt-ptli of 10 em., the enrrt it l<» u-^ed 
shouhl ho alxait 2 am|)eres, and the deposit hm .n1i')Ii 1 i l>e eontiimed 
at least half an hour, 

Kxer. 210. Determination of the E.C.E. of Copper.-- 

Coiineet the a]>|taratus as in Kiir. 2t»l, takiim l^»^e that the 
anode is oonnectod to tlio p<»sitive ]»nli* <»f the ei 11. 



Fiu, E.<'.K. «»f 


r> is the ]»atle f«»r whieh a single st-condary e«‘Il U 
sufihient. 

\ the v<»ltaijiett‘r. 

]i, an adjustable re.-iistan x^hicdi may l>e a length <»f 
platinoiil xvire. 

K, a coiniinitator. 

G, a tangeiit galvanometer. 

dhe tangent galvanometer iisnally emph»y(*<l is one with a 
.single roil eonlaining either a (;r two turns elos(‘ 

together, of thick copper wire. All iron must ho removed 
from the neighlKmrhood of the galvanometer, wliieh must ]»e 
set up so that tin? plane of the coil is [►arallel to tlie magnetic 
irierhlian, and tlni reading is zero. Tlie wires eonne(tting the 
galvanometer to the commutator should leml away from the 
galvanometer and should Ikj twisted togeth(*r, so that the 
magnetic fields they produce may not affect the needle ; twin 
flexible leads are convenhfnt ff>r this purpose. 

Tlie kathode must first Vhj well cleaned by rubliing it wdth 
sand and water with a rag, or with a piece of 8and-pai>er or 
])nmice-stone. It is waslied witli W'ater and jdaced in the 
voltameter so that the current may be adjusted to the desired 
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vmIiu; liy altcTin^ tlio vain*? of the resistance IL Wlnni llie 
c;iiii'ent has passed Inr a Jiiiimtc or two, iJie eirenit is In-okcni 
ainl tlic katlioile remove**! for examination. The part i inn lersed 
sln-nld now In* eovened with a smooth salmon-colonnsl deposit 
of <*opper. Jf tlio plate is dark in colour it sliows that the 
eohiu?t;tions have not ]>een made* eorrcjetly. The red-coated 
]»Iato must he waslieil ami dried canjfully. The excels water 
should ]>e r<*moved with ]»lotting-paj»er W’ithout ruhhing, and 
the plate may then he? gently \varmed at some distance above 
tile liame of a Ihinsen hunuT c>r a spirit lamp. Great care 
must Iw taken that the snrfaee is not oxidised in tlie process, 
'riie katiioih*, when dry ami cold, is wei.ixlied loi an aceiirate 
eliemieal halam*** fo voihlii one miUhjrain^ and is re]>laced in 
the voltameter. The current is startc*il at a known in.^tant 
ami allowed to How for at least half an hour. The detiection 
of the galvanometer is noted during the tiist five ininnte.*i. 
At the end cjf this time the current through the galvancniieter 
is reversed ctuickly and the deflection again noted. At the 
end of another five minutes the current is itiversed again, and 
so on. 

llecord the results as follows : — 


Mean 

Deflection, 

Tan^rent. 

> 

f 35-0 

0.7002 

> 

- 3r,.5 

0.7400 

> 

*-30.0 

0.7205 

> 

-36.0 

0*7205 

> 

^ 35.5 

0-7133 

> 

- 3.'».0 

0.7002 



0*71 7S moan 


The mean current 
hy the formula 


ill amperes during the experiment is given 


(‘=r lO X X tan 


wliere ( .^ is the mean eurrmit in amperes, 

tan 0 is the mean tangent of deflections, 

G is the magnetic fiehl at the centre of the galvanometer 
due to 1 C.G.8. eloctroinagnetic unit of eurrent, 

and H is the earth’s horizontal field ( — O-LSr) G.G.S. units in 
London in 191')). 
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Now for a circiilar coil and a sint/le turn ' radius /• cm. 




:2ir 


Hence C (in amperes) ~ tan 9, 


Measure r, the mean radius, in cm. of the sin^'le coil of 
thick wire as accurately as possible with a Ixuim compass or a 
][>air of callijx‘rs, and calculate C. 

The kathixle is carefidly washed and dried as before, and 
then weighed again. The increase in weight is found. I^et 
this be M grams. Then the electrochemicid eipiivalent 

c-^^v^ ~the nund>er of grains de]»osilcd per coulond). 


^ F<ir a Ilflniholti galvaiuuiu'ter (p. of two coil>, oiuj turn each, i&t » 

(Ibtaiii e apart ectual to the ratlins r of either 

„ S-99 

(r= 

r 


Hence, iu thi< 


C (iu amperes} =s-q-g^ tan (#. 



CHAPTER Vn 

THE HEATING EFFECT OF AN ELECTRIC CURRENT 

§ 1. Joulk’s Law 

Tiik difterence of potential between two points in ^n electric 
circuit is ecpial to the work done in carrying unit quantity of 
electricity from one point to the other. Hence, if a quantity of 
electricity Q is carried ))etween two points when the P.D. is E, 
the work done is W = EQ. 

If a steady current C How for time Q = C/, and therefore 
W - ECV. 

If E is in volts, C in amperes, t in seconds, AV is in joules 
(1 joule =10^ ergs). 

UHicn the ener(jy of an ekdric current is not used in doing mechanical 
work or in chenncal action it appears as heat in the conductor. 
According to Joule’s law the heat produced is equivalent to a 
ccrUiin amount of mechanic«al energy, in accordance with the 
equation 

W = JII. 

If W is in joules, H in calories, J = 4.12 very nearly, for 1 
calorie is equivalent to 4*2 x 10" ergs. 

Then = 

Exvt. 246. Determination of the Mechanical Equivalent 
of Heat by an Electrical Method. — In order to test the 
accuracy of tins result it is necessary to measure the heat pro- 
duced by the^iiassago of a given ’'Current, for a given time, 
under a known diiierence of i>otentia1. 

635 
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The heat pr<Kluce<l is ineasnred by immersing a et>il of 
resUtauce wire carrying the current in a large wiloriineter 
(cjUMicity about half a litre) containing 
a litiuul of known sjiccilic heat. In 
the case of water a cert4iiu amount of 
electrolysis tiikes plact‘, but provitl tl 
the jK)tential dilference employeil does 
not exceed 8 or 10 volts, and the re- 
sisfcince of the iminerst'd spiral is low 
(about 0-5 ohm), tliis does not materi- 
ally atlect tlie result. The spiral is 
coinu‘cted by thii*l: co]ij>er leads I > 
two terminals fixisl to tlu* wrtodrn ri»v •• 
of th«* ealorimeter. Thi* cover is pro- 
vidt‘d with a hole for the thermometer 
and aii<»ther for the stirn*!*. /iflirifnf 
sttmtitf iA tnosf in t/iis cj*- 

ftt viun'nt, 

Tlic calorimeter is weighed empty, and again when full t)f 
\vater. 

The elcctrieal (juantities art* nu‘asured most eo]iv(‘ni(‘ntly by 
n»ing an ammeter ami a voltmeter. 'J'he apparatus should be 
connected as in Fig. 

B is a battery comprising 1 or 5 
secondary eel Is. 

K is a plug-k(‘y. 

A is the ammeter for currents up 
to about 15 or *J0 ani[»eres, 

is a voltmeter reading to about 
o volts. 

C is the calorimeter. 

It is a resistance consisting of a 
wire frame rheostat, or a bare re- 
sistance wire. 

It is advisable to use a current 
of from 8 to 12 amperes si) that an 
appreciable change of ttmiperaturo 
limy be obtained in tw^o or three minutt's. Having coniuM-ted 
up the ap])ai*atus, using thick copper wires to make the con- 
nections in the main circuit, adjust tlie strength of the (!UiTont 
to a suitable value. Wait a few minutes for the temperature 
of the calorimeter to ])ecome steady, stirring occasionally, then 
take the reading 

Start the current when the seconds hand of a watch passes 



Fi(». 2t*i3. — Iloatinj; EfFcct of 
Current. 






tn 


OflOOJ 


Flo. 2»jl2. — ralonineii 
IltJiiting Coil. 
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the 60 mark, and allow tlie rairrcnt to flow for my 3 minutes, , 
Htirring thoroughly meanwhile. Take readings of the ammeter 
and the voltmeter every half minute. Stop the current after 
a known interval of time ami reail the final temperature 

Let 7/i=5ina5u?i of calorimeter (inner vessel only), 

M == mass of water, 

s “ specific heat of metal of ealorinieter, 

0 ^ initial temperature, 
ft, final U'ln^Kirature. 

Then the heat given to the ealorimuter ami its contents is 

II r\I + -^V- 

Calciil.ile tin* vahu' of J in the eipiatinii 
J!I-K(V, 

noting that the time niiHt In* measureil in sc*eon(ls. 

Tile experiment may he repeate«l fnr a ditferent value of tlio 
<-iirreiit. 

Inst(*a<l of measuiing E ^^itll a voltmeter, tlie re.sistanee E of 
tile immersed spiral may )m* measured hy means of the slide-wire 
bridge, and the value of J fouml from tlie etpuitioii 

— Tills equation i> true vlnthcr work is ht*ing pirforiiied by 

the current or not, the portion of the apj»lied j>otential liiliereiiee required 
to overcome a re.sistanee U beiii.i' CK if a cm rent C is being pas**!'!!, however 
the rest of tlie IM). is being einjiloyoil. Tin; lieating etfeet therefore is 
measured always liy ( -lU, and i.s often referied to by electrieal engineers as 
* tlio C“lv 


§ 2. TiiK Ei-TrciKNt’Y OF AN Elkctrio Lami* 

The principal units employed for the scientific measure of 
energy arc : — 

The erg = 1 dyne centimetre. 

The joule = 10" ergs. 

The calorie, or heiit unit of energy - -l:*2 x 10" ergs = 4-2 
joules. 

The Board of Trade Unit (or kelvin) = the energy 
supplied by an engine working for a ])criod of 1 liour, the 
power of the engine being 1 kilowatt (see below). 

[Calculate the number of ergs in the kelvin.] 
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The units employed for measuring potoer or activity (rate of 
doing work) are the following : — 

The C.Q.S. unit = 1 erg per second. 

The watt = 1 joule per second. 

The kilowatt - 1000 watts. 

The British horse-power = 33,000 ft. lbs. per min. - 710 watts. 

The measurement of electric power depends on the measure- 
ment of current and difference of 2 **^(entud ; the eneryt/ doi)euds on 
these and also on the time. 

There is saitl to be unit dlft’erence of potential between two 
points when unit amount of work has to be done against the 
electric forces, in carrying unit quantity of electricity from one 
point to the other. This quantity may be carried by unit 
current flowing for unit time : the quantity carried by a current 
C in t seconds is Q - C7. 

If w’c use electromagnetic units the work done is 

measured in ergs. If we use practical units the work done is 
measured in joules. For the ditfcrencc of potential l>etween two 
points is one volt when one joule of work has to bo done in 
carrying one coulomb of electricity from one i)oint to the other 
against the electric forces. 

If a steady current of one ampere flow between two points 
between w'hich the P.D. is one volt, the rate of doing work is 
m one joule per second, or one watt 

1 Coulomb = 10“^ E.M.U. (Abs.). 

I Ampere = 10"^ E.M,U. (Abs.). 

1 Volt - 108 K (A.bs.). 

1 Ohm= 10® E.M.U. {Ab.s.). 

When electrical energy is used for purposes of illumination it 
is important to know the relation between the rate at which 
energy is supplied and the candle-power produced. Electrical 
engineers often speak of the number of watts per caiullo-powcr 
as the efficiency of the source of light. It would bo more 
correct to term this the inefficiency ^ and to use the term 
efficiency to denote the candle-power per watt. 





OB. VIC BB^TIKa EFFECT OF AK ELECTBIC CUBREBT 


energy in supplied to an 
to measure the current 


Mains 


Expt. 247. Detominatioii of the Efieiokiey of an Eleeiiie 
' Lamp. — The candle-power of the lamp under test may he 
measured by one of the methods described in the Chapter on 
Photometry, 'p. .*102. 

To measure the rate at which 
incandescent lam}», it is necessary 
passing through the lamp and the 
difference of potential between its 
terminals. 

Connect np the apparatus as in 
Fig. 264. 

L is the lamp. 

11 is an adjustable wire-frame 
resistance. 

A is the amirieter, connecte<l in. 
scries, V is the voltmeter, con- 
nected in panfUel with the lamp. 

Care mu^t be taken to see that 
connection is made to the projKjr 
terminals for both ammeter and 
voltmeter, before switching on llio 
current. Note the readings of tho 
ammeter and the voltmeter for a 
resistance U. 

Measure the candle-}»ower of the lamp in this condition. 

Take a series of readings in this manner for different values 
j)f the resistance R. Finally cut out the whole of the re.sist- 
ance R, and hike a .set of remlings when the lamp is su 2 >plieil 
with current at the volhigc for which it was desigiusl. 



Fio. ‘2»54.— of Elcctris 
Lamp. 

2 »articular value of the 


1. (‘alculate the number of watts jvr candle at the sjiecitied^ 
voltages. 

2. Calculate also the candle-power developed i>cr watt. 

3. Calculate the resistance of the lamj) when glowing at different 
eaudle-i^owers. 

4. Calculate the lieat produced in the lamj) in cidorics 2 >cr 
second. 

Tabulate the results, and illustrate them by means of graphs. 


It is instructive- to carry out experiments of this kind both, with 
a metal filameut and a carbon filament lamp. 

llie variation of the resistance of the carbon filament With 
temperature (estimated qualitatiwly by the colour) differs in an 
interesting way from that of the resistance of the metal filament. 
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1. Kl-WTUOMACNKrit' IXItUCTIDN 

I\ 1831 Faraday s1u>\vih1 that an i‘!o<-trio cnrront was iirodnct'd 
in a closed circuit wlicnowr the nuiiilicr of lines of maj’iiclic 
induction passing through the circuit was changed. Such a 
current is termetl an induced current 

The alteration in tin* nunihcr of line.s of magnetic imiuction 
may be due to 

(1) Starting or .sttipping currents in tmighhoiiring conductors, 

(2) Variations in the strength of those currents, 

(3) The motion of conductors earrviug currents, or 

(1) The motion of pcnnaneni magnets with reference to the 
circuit under considerutioii. 

The results in all these cases may be snimiiari>ed in the .state- 
* mciit, due to Faraday and Xeumann, tlial the E.M.P. induced 
in a circuit is equal to the rate of decrease of the number 
of lines of magnetic induction passing through the circuit, 
the positive direction of tln! K.M.F. lK:iiig relatwl to the positive 
direction of the maguetie indHction in the Sinne way as tlu; direction 
of nrtation to the direction of translation in a right-hande<l screw. 
An increase in the number of lines gives rise to a lunjatioe 

E.M.F. 

Exi^r. 248. niustration of the Laws of Electromagnetic 
Induction. — Tlie.se laws are illustrated in tlic present e.xiKiri- 
inent liy the aid of two coa.xial coils. One coil, the primary, 
is connected in .series witii a .secondary cell, an adjustable 
resistance, and a key; the other, the secondary, is con- 
nected. with a gulvauoiueter. 

640 
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lieforc connecting the coils it is necessary to determine 
in which direction the wire is wound in each. of them. Iij 



Fi'.. Ajiparatiis for IiiiIuchI Curn-iitH. 

G- gahaiioiiirf^T. K = i-#*v«‘Ts}ii}^ 


the follow ifig ilcscription it is assuiiicd that the axis of each 
<‘oil is verli<‘aL 

To find the Direction of Winding in the Coils. — 
The best method of liiiding the directi<»u of winding iii the 
tMals is as follows: — !Mark the teniiinals of the [nimary coil 
A and 1^, and the terminals of the secondary coil C and D. 
Connect the |M)sitive teriniiml of the hattery to A, and the 
negative tt‘nuinal of the Wttery through a rough regulating 
resistanee, U, to Ih Bring a eoin]niss needle close to the 
n|H»er end (»f the coil, and note tlie way in which the needle 
points. If the north end of the needle iK)ints toi.vards the 
toj) of the coil, this end acts like the south pole of a magnet, 
/.c. lines of force enter the coil at this end. 

This means that the current in the coil circulates clockwdse, as 
vieAved from above, when the current enters at A. The reverse 
holds good if the south polo of the needle jjoints to the top of the 
coil. In this way the direction of circulation of the current in the 
liriinary can be determined when the current enters at A. 

Now connect the cell to the secondaiy coil in a similar way, 
connecting the jjositive of the cell to the terminal marked C. 
Determine the iiolarity of the top of the coil in this case, and 
from it deduce the direction of circulation of the current in 
the secondary when the current enters at C. 

T.et the direction of circulation in the secondary be clockwise, as 
viewed from above, when the eiirreut enters the secondary at C. 

To find the Direction of the Secondary Current 
coiTesponding with any Deflection of the Galvano- 
meter. — The direction of motion of the needle of tlie galvaiio- 
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meter must now Iks found for a current flowing round it in 
sonic known direction, 

Mark the terminals of the galvanometer E and F. Comietst 
3*1 to the positive terminal of the cell, connecting F immentarily 
with the negative terininal of the cell through as Itirgo a 
resistance as the regulating resistance will give. 

Supj^Ksse the north pole of the galvanometer neeillc to go to 
the east, then tliis north iiole moves east w'hen the current enters 
at E, and liente the direction of circulation of the current in 
the galvanometer can lx? found from thh motion of tlic needle. 

Connect up the secondary coil to the galvanometer so that 
C is connected with E, and D with F. 

Then on tlie ahove supjxisitlon, a deflection of flie north piolo 
of the needle towards the east means that the current enters the 
galvanometer at E, an easterly deflection indirates a current 
circulating from I) to C in the secondary, since the ciiri'cnt leaves 
the secondiirv at C. 

Ill all the following description it will he assumed that the coils 
are viewed from ahove. This means that an easterly deflection of 
the north ijole of the galvanometer needle indicates an anti-clockwise 
circulation of the current in the secoiulary, since the circulation 
is clockwise (hy supi»osition) when it enters the secondary at C. 

Demonstration of the Laws of Electromagrnetio In- 
duction. — Having made these preliminary observations and 
obtained the result expressed in the last sentence, connect 
up the jtrimary coil with its terminal A connected with the 
positive terminal of the cell, and with H connected to the 
negative with a large adjustable resistiuice in series. 

Tlie current in the ]»riinary will now circulate round the 
coil in some known direction ; sup^iose that this direction is 
clockwise. 

Then carr}' out tlie following exjicriinents, noting in each case 
the direction of circulation of the current in the secondary as shown 
by the deflection of the galvanometer needle ! — 

1 . C urrent started in Primary, — The deflection of the needle 
is east. Therefore a cl<jckwise current started in the primary 
induces an anti-clockwise (inverse) current in the secondary. 

2. Cui'rent stojjpefl in Primary, — The deflection of the 
needle is west. Therefore a clockwise current stopjxsd in the 
primary induces a clockwise (direct) current in the secondary. 

Note the deflection as before and deduce the direction of 
the secondary current iiidnced in each of the following cases ; — 
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3. Current in primary euddenly increased, 
i. Current in primary suddenly diminished. 

T). Secondary suddenly moved away from primary, keeping 
primary current constant. 

0. Secondary suddenly brought up to primary again. 

7. Current in primary suddenly re\cisetl. 

Tt will l»c found that switching on the Lurreiit ]»rfKluces an 
ofTect of the bjimc kiiul as 3 and G. 

Switching off produces an effect of the wine kind a^ 4, 5 and 
7. We can thus deduce another I^aw of Induced Curnuits : — 

The induced current in the secondary coil is always in 
such a direction as to oppose any change in the magnetic 
field through the secondary. It only lasts while the 
change is being produced. 

Tn the suppositions made, switching on tlie current introduces 
<lowumtv(I-(hra'itd lines of force. The imlueed current circulates 
anti-clockwise and thus creates npwfml-<lli trial force, which 

liowever only jxjrsist for a moment, the induced current dj^ing away 
almost in stall taneou.sly. 

Verify that the aho\e law holds good for all changes in 
the magnetic Held, liowever produced. 

This nia} be done by biinging u]» a hai -magnet and finding 
the direction of the induced cuirent : — 

(^i) When the north jKile of the magnet is inserted in the 
coil, i,e, the magnet is inuerted with its> north ])olc downwards. 
{h) When the north |)ole is withdrawn suddenly. 

(r) When the magnet i.s inscited with it& south pole 
dow’iiwaids. 

{(1) When the south pole i.s withdiawn suddenly, 
riiico a bundle ot non wires in the coil, and r.'peat the 
first series of oxiKjrimeuts. Show that the effects ])n^dnced 
aie ahvays of the same kind as with air in tlie coil, but that 
the induced currents are of much gi eater magnitude. 

The last result is explained by saying that iron is more 
permeable than air to magnetic lines. If 11 denote the strength 
of the magnetic Geld, or the number of C.G.S. lines jicr sq. cm. 
in air, and B the corresponding quantity in iron, the ratio of B 
to II is called the Permeability, /q of the iron. Thus 

B 
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The term magnetic Flux is applied to the number of the 
magnetic lines pjissing through the irt>n. The C.(}.S. iijiit of 
magnetic flux is the maxwell The maxwell corresponds to one 
C.G,S. magnetic lino. 


THE INDUCTION COIL 

The object in view in the otmstruotion of an indiiciion coil 
is the protliiction of a high induced electromotive force that is 
mainly unidirectionid. Let M denote the coefficient of mutual 
induction of twi» coiis, i.r. the numluM’ of times the secondarv is 
threaded by lines of magnetic induction when unit current Hows 
bi the primary.^ Then if a current C flow in the prim.-iry, the 
number of times the secondary is threaded by lim*s due to this 
current is X = !M(\ 

But the indnc<*d — Kate of decrease of N, 

- Late of <Iecrease of M(\ 

- M X (liate of decrease of (’), 
provi<led M is a constant quantity. 

Thus to make tlie iiubiced E.M.F. large, the two factors on 
the right-hand side must be made large. To make M large, the 
secondary coil is wound with a large number of turns, and an 
iron core is used to concentrate the magnetic linos. To make 
the rate of decrease of the current largo, the original current in 
the primary must be large and it must be cut off* very rapidly. 

Thus the essential features of the induction coil are : — 

(1) A primary coil of a small number of turns of thick wire, 
anti therefore of low resistance. 

(2) A secondary coil of a large number of turns, involving 
the use of fine wire and consequently large rcsistciricc. 

(3) A core consisting of a bundle of soft iron wires. 

(4) An interrupter, to break the primary current as rapidly 
as possible. 

In most cases the coil is fitted witli a condenser, with its 

* If there are n turns in the secondary, eacli lino threads the circuit n times. 
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plates connected to the two points of the primary circuit 
between which the break takes place. 

Fig. 26C shows the construction of a Ruhmkorffs coil fitted 
with a hammer contact-breaker. The battery B is connected 
to the primaiy 1* through the commutator K, connection being 
completed throTigli the point of the screw A and the back 
of the hammer-head II. The hammer-head is mounted on 
a spring D, the tension in which can be adjusted by the 
insulate<l screw T. A\’h<*n the current passes round the 
primary, the iron core is magnetised and attracts the soft 
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iron IT, which flies forward and breaks the contacts The 
magnetic field is thus destroyed, and an KM.F. is induced in 
the secondary due to the sudden withdrawal of the magnetic 
lines. The liamiiier-heiid, being no longer attracted, returns to 
its former 2 )osition and makes contact once more. C is a con- 
denser in the base of the apparatus. It is introduced so that 
the E.M.F. due to the self-induction of the primary may 
charge up the condenser instead of producing a spark at the 
point of break. In this way the primary current is reduced 
to zero more rapidly, or the rate of diminution of the current 
is increased. An KM.F, is also induced in the secondary 

on making contact, but this is much smaller than the E.]M.F. at 

2 N 
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breaki since tbe current lu the primary takes some time to 
rise to its full value in consequence of self-induction. 

Kote. — When the contaet is broken, a further phonomenon is that, 
as the condenser and the primary of the Ruhmkorff coil form an oaoillating 
system, an oscillating E.M.F. is induced in the secondary. 

Exrx. 24D. The Induction Coil. — It is assumed that the 
induction coil is littod with the ordinary hanmier-break. 
Ilelease the lock-nut on the screw carrying the platinum ixnnt, 
and withdraw the screw so that there is no contact wdth the 
platinum on the hammer-head. Turn the iuljusting screw T 
till there is no extra tension on the sjuing D. Connect the 
terminals of the eoil to a suitable battery, iiitroducing a piec'O 
of lead wire fusing at 10 anqajres to prevent an excessive 
current from damaging the coil. With a coil of medium si^ 
a biittery giving an E.M.F. of alxmt 8 volts will be suitiible. 
Turn the handle of the commutator into the on position. 
Advance the screw carrying the i>latinum ptjint till contact 
takes place with the liammer-heail, Tlici interrupter should 
commence to work, and when the terminals of the secondary 
are set at a small distance aiwiit, sparks sliould pass between 
them. The screw should lie clam|ied in this position by means 
of the lock-nut. The .siitfuess of the spring may now be 
adjusted by turning the milled head. ( Iccasionally the j>latinuin 
points fuse together and the action ceases. Should this liapjieii, 
momentarily reverse the current ; this will often start the 
interrupter working again, Jf it docs not, switch off the 
current and turn back the screw carrying the platinum point. 
After long working the platinum contacts Ixjcome pitted and 
may necri polishing w'itli fine emery paper, but this should 
never be attenijjted by tJie stuilcnt. 

Determine the maximum length of spark tliat can be 
obtained from a given setting of the spring. Assuming tliat 
the sf>i£t’k length is approximately pn»jK)rtioiiaI to the P.U., 
and thiit .40,000 volts are rec}uire<l for a 8))ark 1 cm. long, 
calculate the E.M.F. inducc<l in tlie stM'ondiiry of the coil. 

Coimeet the coatings of an insulated L<^ydt*n jar to the 
Ht;condary terminals, and examine the charai'ter of tlie H|>ark. 

Examine the <lischarge through a ‘vacuum tulnj’ connected to 
the terminals of the coil. With a moderate vucimin, near the 
positive electrode i.s a long luminous column known as the positive 
column, while the negative electrode is surrounded by a blue 
luminous layer known as the negative glow. With a high 
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vacuum these effects disappear, but the glass walls of the tube 
exposed to the negative electrode become fluorescent under the 
bombardment of kathode rays (negative electrons) proceeding from 
that electrode. 

An X-ray bulb may also lye examined. The saucer-shaped 
kathode must be connected to the negative terminal of the coil. 
The anode and anti -kathode are connected to one another and to 
the positive terminal. If the commutator is in the right iX)sition, 
that half of the bulb which is in front of the anti-lo\thode will 
fluoresce with a green glow. The anti-kathode is bombarded by 
the kathode rays, and the X-rays originate at the point of impact. 
Their effect may be detected by a fluorescent screen or a photo- 
graphic jdate. The skin should not be exi>osed unduly to the X-rays. 

THE TRANSFORMER 

The induction coil is a particular instance of a general type 
of apparatus knowm as a Transformer. A typiciil case is 
Faraday *8 Ring Transformer, in which 
an iron ring is provided with two wind- 
ings as in Fig. 267. The current in 
the primary, P, gives rise to lines of 
magnetic induction which form a closed 
magnetic circuit in the iron ring. When 
the strength of the current in the primary 
is varied, an E.M.F. is induced in the 
secondary, S. The magnitude of this E.M.F. depends primarily 
on the materia] of the core, and on the relative numbers of 
turns in the primary and the secondary. 

When an alternating current is sent through the primary, an 
alternating E.M.F. is induced in the secondary. If the number 
of turns in S be greater than the number of turns in P, the 
voltjigc at the ends of S will be greater than that at the 
ends of P approximately in the ratio of the number of turns. 
Neglecting energy losses, the current is diminished in the 
same ratio as the voltage is increased. This arrangement ' is 
called a sfep»uj) transformer. The converse of this is the sfey- 
(lown transformer, in which the voltage is decreased while the 
current is increased. 
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Expt. 2r)0. The Ring Transformer. — liti primary 
coil of a ring transformer through a ennnnutatt»r :•* a i»iitli*rv 
of aceuinnlators, placing in tin* t'in iiit a ri>ugh K’gulatlng 
resistance and an aiiinictcr. C humect the stvuiida y c<»ii to a 
luillistio galvanometer (p. r)7‘J). 

Ohserve tlu‘ i/trnw of the galv.moineter produced l»y a 
sudden reversal ('f the tMinvnt in the piiiUiOT, 

liCpeat the olworvat ions for dith^eiit values ot the eiiri*tMjf 
in the primary, an<l plot a curve showing the reLit.-ni Udween 
the throw of the gahanometer ami the strength of the primary 
current. 

The throw of the galvanometer is proportiotial to the quantity 
of electricity 2 >as.sing thnmgh it, t.e. to the cliange in tijc nuinlnT 
of lines of magnetic induction j>;\.ssing througli the irini ring. 'Flir 
current in the jnimai-y is a measure of the magnetising force jiro- 
ducing these magnetic lines. Tims tlie curve serves to indicate 
the permeability of the iron to lines of magnetic induction, for 
different values of the magnetising force. 


THE EARTH INDUCTOR 


When a coil rotates in a magnetic field, there is induced in the 
coil an E.M.F. which is nUernatiivj in character ((.hirvt* L, Fig, 2GD). 
With a uniform rate of turning, the imlucod E.M.F. has its 
maximum value w'hcn (he plane of the coil i>asscs through the 
plane of the field, and is zero 'when tlie coil is in a jiosition 
perpendicular to the plane of the lines of force. 

Methods of measuring the Induced Current. — An ordinary 
galvanometer connect<Ml io such a coil 
would give no deflection if the coil were 
rotated always in one direction unless a 
conimutoting device were fitted. An 
arrangement convenient for commutating 
the current produced by such a coil is to 
connect the terminals of the coil to two 
halves of a split cylinder of brass on an 
insulating cylinder mounted on the axle 
of the coil (Fig. 268). Against this, at opposite ends of a 
diameter, two springs press, the springs being fixed to the 
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framework supporting the axle of the coil. As the coil rotates, 
these springs make contact alternately with the two parts of 
the split cylinder, and arc therefore connected alternately to the 
two ton I duals of the coil. By suitably arranging the j)ositioii 
of these si)rings or hrufihea^ the position of commutation can be 
made to correspond with the position where the KM.F. is zero, 
and thus a wtifivAl or anidurdiotial current is sent through the 
erf f null circuit (the apparatus connected to the brushes), and 
it is produced by the alternating K.M.F. generated in the coil 
(Curve II., Fig. 269). 


I 





Fh!. 2r»0. — K.M.F,, t'U*., tine tu Faitli Inductor. 


This current, passing through a galvanometer, would produce 
a doHcctioii 'which 'would he practically ctmstiint, the deflection 
corresponding with the mean value of the current : tlie galvano- 
meter deflection does not follow the variations of current, on 
account of the inertia of the moving system (Curve III., 
Fig. 269). 

Ill some cases no commutator is fitted to the coil, the ends 
of the coil being connected to ‘slip rings,* from Avhich the 
current is taken by a pair of brushes, B^, B^ (Fig. 270). When 
this is the case the coil must be used with a hot-wire milli- 
ammeter or millivoltmeter if rotated continuously, as it gives 
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alterncatiiig current. An alternative method is to it with a 
ballistic galvanometer, the deflection of the galvanometer l)eing 
observed when the coil is routed Hiul<lenly 
through lialf a revolution. Startin^^ when the 
coil is perpendicular to the field, it is turned 
rapidly through half a revohition, i,'. until it is 
again perpendicular to the licld but with its 
faces reversed, and the deflection of tln^ galvano- 
Flo. 270 .— Slip-rings n^etor procluccd by this motion is observed, 
for Alternating ciir- This deflection is proportional to the total 
number of lines cut by the coil, ie. to the 
intensity of the field perpendicular to the face of the coil in 
the initial position. 



Expt. 251. Determination of the Angle of Dip by Means 
of an Earth Inductor. — the cotl fitted with a 
commutator^ place the coil of the earth inductor so that 
its plane is vertically east and west when in * commutating 
position,’ i.e. when the brushes are not in contact with either 
side of the split cylinder. This ensures that the current is 
coifimutated as it through its zero value. 

Connect the brushes to the terminals of a sensitive galvano- 
meter, placing in eeries with the galvanometer a large adjust- 
able resistance. A 8Usi>cnded-coil galvanometer is most suitable 
for this experiment, as the oscillations of tlie moving coil ai*e 
destroyed very quickly, since it is short-curcuiUiil by the coil of 
the earth inductor and the series resistance. It is of no uee 
whatever to ehnnt the ijalmnomeier^ unless a eerief^ resistiince is 
also used, as the E.M.K. induced is a fixed quantity ff»r a given 
field and speed, and the same current would flow through the 
galvanometer whether shunted or not, bt^ing driven by tlie saipe 
1\D. Rotate the coil at a speed which can 1 k 5 maintained 
steady for a little while, and adjust the resistance until the 
galvanometer deflection is about half the maximum deflection 
which can be measured : a convenient rate of revolution is 
from 60 to 80 turns per minute. Endeavour to maintain a 
steady speed while measuring the rate of revolution with the 
aid of a watch. Place the watch so that the seconds hand 
can be observed with ease while the coil is being rotated. 
Turn the coil at such a rate that the deflection given by the 
galvanometer is constant, then find the time required for 100 
revolutions. 
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With I- little practice quite coiiRistent rcRults can bo obtained. 
It is dc-irable tiuit the student shouhl practise making these 
ineasurcnjcnts aloue^ as this offers a useful opfiortuiiity for acquire 
ing facility in making several types of observations simultaneously. 

Having Isjcoinc accustomed to the method of carrying out 
the «*xiHjriTnent, the following observations shfjuld taken : 
(J) Fincl the time taken for 100 revolutions of the coil, and 
obMrrve the mean deflection pr<iduced when the coil is rotating 



Fni, 271.— The Earth Inductor. 

abotit a verticiil axis, and the commutator reverses as the plane 
of the coil is east and west. Let the time for 100 revolutions 
be and the deflection Three sej>arate determinations should 
be made of these quantities. (2) Turn the coil so tliat its axis 
is horizontal, and bike a similar set of observations when the 
commutator reverses as the ccul passes through the horizontal 
position.' If necessary, the ilireetion of rotation of the coil 
should be opposite to that in the first case, so as to get the 
deflection in the same direction as before. The resistance of 
the circuit must not be altered at all. Let the time for 100 
revolutions be and the deflection be . 
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In any single ex|»or[iiu'nt <5 is jirnportlonal to t’lo 
current, and thoreftn*e to tlu* induot‘d sim e th • n*si>Uiuee 

is imiintained constant. Tin* induced is uroiKn t . onal to 

X i strength perpemlicular ti») 

t \ coil in foininntating position J’ 

wlicre 71 is the iiTiniher of revolutions in tiiui' f. 

Thus if II and \ arc the horizontal and vortical conip<jiirnts of 
tlio earth’s field respectively, \\e have 


and 




K>. 

u 



i.e. 


y_jjs. 

H rtj'/,' 


From the oLservations made determine the ratio of the vertical 
and horizontal components of the eartli’s fiehl. This ratio is 
the tangent of tlie angle of dip «/>, and hen(*o tlje angle of dip can 
be found from the expres>ion 


, V n/. 

-H .W 


As a check on tliis result tlie axis of rotali(»n of the coil is 
placetl in vaji<*n> in the magnetic nirriiiian and tlio 

coil rotated a-* rapidly as p*>.s.>ii>le. In oin; j»osition no dcllec- 
tion of the galvanr)meter 'vvill l>e observed, liowever rapidly the 
coil is rotate<l. This means that the held ]»cujK;ndieular to 
the plane of the coil in the commutating position is zcn>, /.c. 
that the axis of rotation lies along tlie angle of dip. ileasure 
tlie inclination of tlie axis of rotation of the coil to the 
horizontal in this j»osition, and (rompare it with tJie result 
obtiiined in the above experiment. 


Expt. 252. Estimation of the Relative Accuracy of this 
Type of Experiment. — If the coil be rotated so that its plane 
is iierpendicular to the angle of dip wlien in the (rommutiiting 
position, the field measured w’hen the coil is rotated \vill bo 
the earth’s total field. The deflection ol)tained wlien the 
coil makes 100 revolutions in seconds in this position, will 

kgiv„l,y S^^.KIOOT. 

where T is the strengtli of earth’s total field. 
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Now r«}i2 + v‘i, 

tliereiore hIiouM be equal to 

Uf fonnd from the results already ob^iiied. 

Find and (5;>Q“. and compare their sum with the 

valiKJ of obtiiiied in tlie present experiment. The 

clostMiess of their agreement may be taken as a measure of the 
relal ive accuracy of tlie experiment. 

Note. — If a lainji and scale are used for observing the galvaiiomcter 
delhctioii, and tlie gulvaiionieter is of the suspended -coil tyi>e, the deilection 
for K should be made about 20 cm. oii the scale. Tlie oscillations of the gal- 
vanometer coil will die down very rapidly, and there should be no difficulty 
in obtaining the deflections accurately to 2 mm. By taking three seta of 
dtitermiiiations, the accuracy obtainable should therefore Ibe of the order of 
0*5 per cent in the dctlcctiona. The |)eriod for 100 turns should be accurate 
to aliout one second in each case ; and as the time for 100 turns is about one 
minute, and three observations are made, the error should not be greater' 
than 1 per cent in any of the values of t. 

The jKJssible error in any value of (5/;® should therefore not exceed 8 jier 
cent with careful work, and hence the largest error |iossible in the equation 
should not be greater than 7 or 8 jicr cent. A'i the 
errors will ]^robahly eliiiiinato each other to some extent, the actual agree* 
uicnt will bo found probably to bo within 3 per cent in most case^, 

Kxpt. 253. Ballistic Method of experimenting with the 
Earth Inductor. — Similar experiments can be carried out 
with a l)alllstic galvanometer whether the coil is fitted with a 
commutator or not, the galvanometer l>eiug counecteci to the 
coil without any additional resistance, and tlie ballistic swing 
determined wiien tlic coil is rotated through half a revolution. 
The deileefions of the galvanometer, when the coil is rotated 
through half a revolution, are propcuiional to tlie strengths of 
tlie field i»i*ri>eiidicular to the coil iu the initial positions. 

Thus, starting with the coil jdanc vertically east and west, the 
first swing of the galvanometer being -Aj, w*e have 

cc H. 

With the coil plane horizontal, the first swing of the galvanometei 
being A.,, we should have 

A,ocV. 

^ , A. 


Hence 
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If Ag be tlie deflection when the coil plane is jn'riM iuluailar to 
the angle of dip, we should find 

Aj- « A^,‘- + iipproxiinaU‘1 y. 

When the axis of the coil is along the lines of force, there will bo 
no deflection on rotating the coil through half a revolution. 

§ 2. Electromagnetic Machines— Dynamos and Motors 

A dynamo, or a motor, consists of a coil or of a system of 
coils called the armature, so mounted that it can revolve in 
a magnetic field. In the dynamo, the armature is forced to 
rotate, and a current is taken from the machine, the current 
being produced by the E.M.F. induced in the armature duo to 
^its motion in the field. lf\ the motor, a current is supplieii 
from an external source, and motion of the armature results 
from the force exerted by the magnetic field on tlic coils carry- 
ing the current. In direct-current machines the current is led 
into, or taken away from, tbe armature coils by means of brushes 
and a commutator, similar in jirineiplc to that described under 
the eartlf inductor. 

THE DYNAMO (DIRECT CURRENT) 

The magnetic field in which the armature rotates maj' bo 
produced either by permanent magnets or by electromagnets. 

In the formig* case the dynamo is 
known as a magneto-machine (Fig. 
272). In the latter case the dynamo 
itself is used generally to supply its 
own excitation current or Jield current^ 
the current being taken from the 
„ . „ . armature round the field coils. The 

Fig. 272.— Magneto-machine. . i « . hi .. i i 

residual magnetism of the field 
magnets is sufficient to start the generation of current, and the 
induced current buUds up the magnetic field as the speed in- ^ 
creases : the requisite energy is supplied by the driving power. 

If the whole of the current from the armature passes through 
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the field (*(u1h, the nmchino is said to be series-wound (Fig. 273). 
If the field coils are coimected across the brushes so as to be in 
parallel ‘iMth the external circuit, it is called a shunt-wound 



Fin, 273.->Serie8 Fuu 274. —Shunt Fio 275 — Compouiid 

Winding. ^ Winding. ^ Winding. 


machine (Fig. 274). A combination of the two systems is used 
largely, and is known as compound-winding (Fig. 275); a 
comj)()und-wound machine is designed to give a stesidy P.D, in 
the external circuit for widely different loads when the speed 
is constant. ^ 

• For a given field strength the E.M.F. (E.) induced in the 
armature coils is proportional to the sj^eed of revolution, but .the 
P.D. ))otwcen the brushes will not necessanly obey quite the 
same law. If different loads are thrown on the macbijie, i.r. if 
different amounts of current are taken from the machine, there 
will be a vaiiation iu#he P.I). between the brushes due to the 
resistance of the armature. If the resistance of the armature is 
R, and a current C flows througli the arnuature, an amount CR 
of the induced E.M.F. will bo absorbed in driving the current 
through the armature coils, and the P.D. available at the brushes 
will only be 

V = E-CR. 

THE MOTOR 

Any machine which may be used as a dynamo can be 
employed as a motor by supplying current to it. Thus we have 
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serics-Avouiul, sliiuit-wouiul, and i*uiiii)ountl-wi)un(l i n»to!^as well 
as ilyiiainos. 

The way in which the current in a motor varies is one (»f the 
most important points to deal with, and most of ll o phenomena 
associated with motors may he considered in this connect itiii. 

When the armature is rotating, it is a conductor cutting lines 
of force. There is therefore induced in it an E.M.F. (E.) pi‘ 0 |)or- 
tional to the rate of revolution and to the field strength, and 
this E.M.F. is in op{X)sition to the current which causes the 
motion, /.<*'. is opposed to the applied P.D. (V). The current C 
flowing through the armature is given hy the C(iuation 


C- 


V^E 


being driven by the excess of the appHe«l P.D. over the back 
E.M.F. induced by the motion. 

Variation of Current with Speed. — With a constant lield, E 
is jiroportional to the rate of revolution of the armature; hence, 
if ih* sjiertl hf K /s ami the current ///ovv^xys. 

Variation of Current with Load. — Wh(*n a bigger load is put 
on the machine, M'hon more mechanical work is dorie by it, 
the amount of energy supplied to the tiiaeliine must 1)0 inensiscd, 
?>. C must increase if tlie 1\D. of supply be constant. 

Variation of Speed with Load. — If tlie load be increased, C 
must increase as above ; for this to be p^sible E must diminish 
according to tlie equation 


Hence, as the load increases, the sjjecd of the motor will 
diminish provided the field strength is constant, but the jmwer 
or 7'aie of working will be increased in consequence of the increase 
ill C. This is not necessarily the case for compound-wound 
motors ; in these the field coils arc generally wound so that in- 
creased load causes a diminished field, and therefore E diminishes, 
the current increasing to the required amount without alteration 
of speed. 
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Variation of Speed with Excitation for a Given Load. — 

Fo# a given load, VC must be (approximately) constant, and 
hence the speed will adjust itself till the rerpiired current is 
flowing. If the strength of the field in which the armature rotates 
is increased, the induced E.M.F. will increase accordingly for a 
given speed. Thus, C will reach its required value at a lower 
speed than before, And the motor will run slowei' for increased 
excitation. Reduced excitation will demand a higher speed 
before E reaches the value which reduces C to its required magni- 
tude, and thus the motor runs faster for a given power when the 
excitation is reduced. 

EXPERIMENTS WITH A MAGNETO-DYNAMO 

Expt. 254. Variation of the B.M.F. of a Magneto-dynamo 
with Speed. — Couple the armature sliaft of a magneto- 
dynamo to the shaft of a variable speed mr»tor, ami to sjK'cd 
indicator, by flexible springs. Connect across the brushes of the 
dynamo a voltmeter of suitable rangt*, and note the voltage 
indicated by the voltmeter at various sj>eeds. Draw a curve 
showing the relation Ixjtween E if.F. and speed. Since the 
field is in'oducod by a permanent magnet the excitation is 
constant, and the K.M.F. of tlie nmeliine should be exactly 
proportional to the .s[>eed. 

255. Variation of the Teminal P.D. of a Magneto- 
dynamo with Load at Constant Speed. — Couple tlic machine 
with a motor and Six?ed indicator as in Expt. 254. Connect the 
l)rushcs to an ammeter and a variable resistance in series, and 
also connect a Voltmeter across the brushes, liuii the machine 
at a constant speed, and adjust the variable resistance so 
that different currents are taken from tlie machine. Note 
corresponding readings of the ammeter and the voltmeter. 

riot a curve sliowing the variation of terminal P.D. with 
load (current), and deduce the resistance of the armature. 

Notk. — The value of the resistance obtained in this way is 
usually rather higher than the true value. The voltage drop across 
the terminals when the current is iucrciised is not entirely due 
to internal resistance ; the field is actually weakened by tlie 
field produced by the armaturo current, or, as it is called, by 
the ‘armature reaction.' 

Other types of ex^)erimcnt wdll suggest themselves, and the 
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student is advised to consider for what purposes such a machine is 
specially suitable. 

A similar set of experiments might be 2 )erforinfid with dynamos 
of other types, in which the field is produced by Uio current gene^ 
rated in the dynamo itself. Since this excitation current will vary 
with the speed, and in the case of a «c/ 7 V«-<lynamo Avitli the load 
also, the curves w’ill not be the same as those obtained with a 
magneto-machi ne. 

EXPERIMENTS WITH A MAGNETO-MOTOR 

Exrr. 256. Variation of the Speed of a Magneto-motor 
with its applied P.D. — Couple the armature shaft to a speed 
indicator. Connect in scries with the armature a variable re^ 
sistance and a battery of cells, and across the terminals of the 
machine connect a voltmeter. Alter the resistance in series with 
the machine and note the readings of the voltmeter and the 
speed indicator. 

Plot a curve showing the relation l)etw'een the speed and 
the P.D. applied between the brushes. 

Expt. 257. Variation of Power, Speed, and Load. 
Efficiency of a Magneto-motor. — Connect the motor Uy a 
battery of cells in series with an ammeter and a resistance, 
and also connect a voltmeter across the terminals of the 
machine. Attac-li to the armature shaft a speed indicator. 

By means of a brake-band operating on a large jmlley 
attached to the armature shaft, similar to that described in the 
determination of the mechanical equivalent of heat by Callendar’s 
apparatus (p. 377 and Fig, 189), apply various loads to the 
motor. 

Take a large number of readings of corresponding values of 
the current, terminal voltage, speed, and braking force, ^ 

The power supplied to the motor is measured by the product 
of the current and voltage. If these are measured in amperes 
and volts, the iX)W’er is given in watts or Joules per secotul. The 
work done by the motor is given by the angular velocity multiplied 
by the frictional couple exerted by the brake. 

If the difference in tension l>etween the ends of the brake-band 
is T — T^j dynes, and the numiier of revolutions per second is w, the 
work done second is 

^ 2xrw , (T - Tj,) R ergs> 

where R is the radius of the pulley round which the brake-band 
passes. This must be divided hy 10^ to reduce the rate of working 
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to joules per second, and the effloienoy of the motor can then be 
calculated from the expression 


airfi( T--T o)R 

CVvia7 • 


CVxio^ 

Find the variation of efliciency with load at constant sp 
and also find the variation of efliciency with sjieed at constant 
load. 

This latU?r variation can best }je found by obtaining a 
series of curves for efficiency and load at different (constant) 
si^eeds, and deducing the variation of efficiency with speed at 
constant load from these curves. 


EXPERIMENT WITH A SHUNT-MOTOR 

Expt. 258. Variation of the Speed of a Shunt-motor with 
Field Strength. — Connect the armature of a shunt-motor in 
scries with an ammeter and a variable resistance across the 
terminals fif a battery, and place in series with the shu7it coils 
a variahle resistance and an ammeter. Connect a voltmeter 
across the armature brushes. 

Couple the armature shaft to a speed indicator and note the 
variations of .si)eed of tin? motor its the shunt current is 
diminished. Note also the retuling of the ammeter w'hich is 
in series with the armature, when tlie resistance in series with 
it is altered so a.s to keep the P.D. across the armature brushes 
constant. 

Note that as the .shunt current Jiminislien^ the speed 
increases^ and that this increase in si>eed is also associated 
with an increase of the armature current. 

Plot curves showing (a) s]K*ed variation with shunt current; 

armature current variation with shunt current. 

Note. — On no account must the shunt current be entirely 
cut off, otherwise the motor may accelerate to an unsafe 
speed and the armature may fly to piecea 



CHAPTER IX 

CO^IPAKLSON OF CAPACITTES 

Hkthods for the Comparisox of Capactties 

The capacity of a condenser may he defined as the (piantity of 
electricity required to increase the potential ditrerencc hetweeu 
the conductors by unity. 

The capacity of a condenser is one farad when one coulomb 
of electricity is required to change the P.D. between the plates 
by one volt. One microfarad ~ farad - 10"^^ E.M.U. 

'When two condensers are charged to the same })otential, 
the quantities of electricity on the condensers are proportional 
to their capacities. If, therefore, we discharge two such con- 
densers separately through a ballistic galvanometer, observations 
of the first throws produced will enable us to compare the 
capacities of the two condensers. 

Expt. 259. Comparison of Capacities — Ballistic gal- 
vanometer Method. — Connect a .secondary cell to a condenser 
by means of a two-way key, so that in one position of the key 
the cell is connected to the terminals of the condenser. Con- 
nect a galvanometer to the condenser and key, so tliat in 
the other position of the key the galvanometer is connected 
across the condenser terminals and the cell is on o])en circuit. 
Special ‘condenser* keys or ‘discharging* keys are .supplied 
for this purpose, but any quick -acting two-way switch will 
serve satisfactorily, jirovided it is insulated well. Sonietimes 
two tapping keys are used. Make the connections as in Fig. 2 70. 

The sudden deflection produced when the key is switched 
quickly over from position 1. to ][X)Bition II. should be observed. 
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The condenser is then removed, the second condenser being 

put in its place, and 

^ . c»// 


re- 


the experiment 
lieated. 

The ratio of the 
two deflections may bo 
taken as the ratio of 
the capacities of the 
two condensers, the 
deflections Ixjing pro- 
portional to the (luan- 
tities of electricity dis- 
charged round the 
galvanometer, to witli- 
in the limits of ac- 
cumey of ex|)eriment. 

It is important to change 
over the condensers as 
rapidly as possible, in order 
that tlicre shall be little 
risk of the KM.F. of the 
cell changing. For this 




Condenser 


Position I 


^'*\Position\\ 


{ 7 ^ 


FuJ. 1 * 70 .— C.'ajiac’ity of Conilen>er, 


reason two similar two-way keys may Ikj used, or a double dis- 
charging key. The connections in this case would Ikj as represented 


Position2\ f\ 


Position2 


\ I ^ ^ 

\ t Position i 

4 


Position I \ 


06 




Fia. 277.— Comparison of Capacities. 


ill Fig, 277. Only one key should be used at a time, the other key 
not b(^ng left in contact with either side if this be possible. 

It is frequently possible to facilitate the experimental manipula- 
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tion required in experiments on current electricity l>y tlie umc of 
additional keys, etc,, in this way. 

Expt. 2G0. Ooxuparison of Capacities by Wheatstone’s 
Bridge Method. — The eapicities to be conquired must bo 


C 



coimeeled willi a pair of rcsistunces, a galvanoin»*ter, a InittiTy 
and a t\vo-^vay key, in Ti^. 278. 

Adjust tJie r<'si>tan<M‘s ]{^ and Ik, iinlil, on switriiing tlic 
ttvoway key across in elthtn' direction, there is no detlection ot 
the galvanometer. Then 

r, n, 

t;, jj; 

For the absence of any dellection means tliat there is never any 
ditfereiice of potential between (J ainl D, and no current ever 
tiow.s througli the galvanometer. Jf this is so, the condenser 
must be charged up entirely tlirough the resistance lip and Co 
entirely throngli IC, and tliey must reach their linal potentials 
simultaneously 

Xow the rate at which the conden.sers are charged u^) tlirough 
these respective; resistances will be proportional to the reciproctils 
of the resistances, i.e, the cliarges Qj and Qo gained in ccpuil times 
will be proportional to 1 /Ujl and I/IC. Jhit the condensers reacli 
the same final potential together, hemte and Qj, are proportional 
to and C.^, or — 
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C* III 

If eitbor condenser is charged up before the other, a little 
current will flow through the galvanometer towards the 
condenser which has not yet obtained its full charge, and hence 
if the resistances are not adjusted suitably there will be a slight 
deflection of the galvanometer one way or the other. 

XoTK. — This method, although a null method, does not possess 
any great sensitiveness. The only quantity of electricity which flows 
through the galvanometer is a small part of the difference of the 
charges on the condensers when one of them has accjuired its full 
charge. Tlie charges themselves are in general not large, and 
would Ihj insuttifient to cause more than a measurable defection on 
the galvanonuder. The deliection produced by part of the small 
ditVeveuce between the two charges, is therefore very small indeed, 
and the adjustment of the resistances can be varied usually over a 
wide range, without causing any appreciable deflection of the 
galvanometer. The method is most sensitive if Kj and 11, are 
considerable and the galvanometer is of low resistance, but it is 
unsatisfactory unless the condensers to be compared are large. 

Exit. 2G1. Comparison of Capacities — Method of 
' Mixtures. — C’onnect up an 8-volt cell in series with two 

large adjustable resistances (1000 to 10,000 ohms). Arrange 
the condensers to be compared so that they Citn first be 
ccmnected across these resistances, can then lx* disconnected, 
their charges mixed, and the residue discharged through a 
galvanometer. 

The method by which this is done is indicated in Fig. 279. 

When the douldo throw-over switch is put over so that A is 
connected to C and 13 to 1), the condensers Cj and C\, ai*e charged 
to j)otentials equal to tliose between the ends of the resisUiiices 
Rj and R., respectively. 

If these are indicated by Yj and V.,, the charges on the 
condensers wdll be and resi)ectively. 

On switching over so that A and 13 are connected to E 
and F respectively, the positive charge on is mixed with the 
negative charge on 0., through the wire PRQ, while the negative 
charge on 0^ is mixed with the positive on Cg through the switch. 
The pairs of plates are connected simultaneously together through 
the galvanometer, and any residual charge after mixing is dis- 
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charged ibroogh the galTanometer. By suitahly a^usting R, and 
the residual charge can be reduced to zero, and no deflection 
will be produced in the galvanometer. 

When tills is the case, 

OiVi^CjV^ 

but Vj and are proportional to and R^. 

Thus C,Ri=aR.., 

or ‘ 

f, 111 

This method Iniing a null method is preferahlc to the method 



Fio. 2i9.-- Methoti of Mixture. 

using a ballistic galvanometer (Expt. 259). It is also much more 
sensitive than the Wheatstone’s Ilridge iiietliod, and can l>e used 
for quite small capacities. 

A high-resistance galvanometer of great sensitiveness is the most 
suitable type- of galvanometer to use for this experiment. 



CHAPTER X 

NOTES ON ELECTRICAL APPARATUS 


§ 1. Tangent Galvanometers 

Single Coil Tangent Galvanometer. — The simple type of 
tangent galvanometer has already been described on p. 459. 
It consists of a vertical coil of wire placed with its axis east 
and west, carrying at the centre of the coil a magnetometer 
box for measuring the intensity of the field due to the current 
C in the coil. 

If F be the strength of the field at the centre of the coil. 

27r/iC 

where n = the number of turns in the coil, 

and r = the radius of the coil. 


If the needle be deflected through an angle from the 
meridian, we have also F = H tan 0, 


Hence 

or 


r 


C = 


rH tan 0 
2irn 


The simple type of tangent galvanometer is usually con- 
structed with one, two, or three coils, all wound on the same 
framework. These coils have different numbers of turns, and 
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slightly different radii.' By use of one or other of those coils 
the galvanometer may bo made of different sensitivity, so that 
it is suitable for measuring currents of two or three different 
orders of magnitude. 

Thus if the three coils have respectively 1, 10, and 100 
turns and a current of 1 ampere gives a deilection of 45^ when 
flowing in the single turn, that coil will be suitable for use in 
the measurement of currents from about 0-3 to 3 amperes. Tlu’i 
coil with ten turns could be used conveniently for curicnls 
ranging from 0 03 to 0*3 ampere. This smaller cerrent circulates 
ten times and therefore produces the same effect as a current 
of ten times its magnitude, flowing in the single turn. In the 
same way the coil with 100 turns would be suitable for the 
measurement of currents from 0 003 to 0 03 amj)ere. 

General Case. — When the galvanometer is not of this simjde 
type, the etpiution for the current can be written in the form 

c-Jf uu. e, 

an efpiation which holds goo<l for all types of suspended needle 
galvanometers, however constructed, provided the needle is 
parallei to the plane of the coil when in its mean i)osition. In 
this expression H is the strength of field acting on the needle 
due to any control magnet ami the earth, while G is the 
strength of field due to the coil when unit current passes 
through the coil. 

The Helmholtz Galvanometer. — A special type of tangent 
galvanometer was devised by the eminent pljysicist von 
Helmholtz. In this instrument there are two coils so arranged 
that their distance apart is erpial to tlic radius of either coil. 

The magnetometer box is placed midway between the two 
coils. The axis of the coils is placed east and west. Tiie 
instrument is used in exactly the same way as the simple type 

^ If the numl>?r of turns cannot be coiintG<l, and the diameter of the coil 
cannot be measured, these quantities are, or should be, marked on the base 
of the instrument by the maker. 
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of tangent galvanometer, but the magnetic field in which the 
needle moves is more uniform. 

The galvanometer constant O, occurring in the equation 

C = tan 6 , 

(t 

is given by 8-99X V for C in absolute units, X being the number 
of turns in one coil, and r the radius of the coil. 



I'io. Ut'liiiholU Galvanometer. 


The magnetic force at a i)oint on the axis of a circular coil 


of radius ?*, at a distance .r from the centre, is F = 


2;rNr-C 


In 


this galvanometer .r = Ir, and two coils are used. From this the 
above value of G can be deduced. 
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ABSOLUTE MEASUREMENT OF CURRENT 

The absolute value of the current C corresponding with any 
deflection 0 of a galvanometer needle, can be found from the 
equation 

C = tan 0, 

V? 

provided the quantity G can be calculated from the dimensions 
and arrangement of the galvanometer coil or coils. If, however, 
the number of turns in the coil be large, their position cannot 
be determined accurately, nor can their effect on the needle 
be ciilculated exactly. 

To obtain a sensitive type of galvanometer, the number of 
turns has to be made so large that accurate calculation of G is 
no longer feasible. 

It is possible to use sensitive types of galvanometers for the 
absolute measure of currents of very sn)all magnitude, but a 
description of the methods of doing so is beyond our scope. 

There is no upi>er limit to the currents for which a Ungent 
galvanometer can be made suitable. The sensitivity of a single- 
turn galvanometer can be reduced, either by increasing the 
radius of the coil, or by using the magnetometer box displaced 
along the axis. In either ci\,m there is a quite accurate ex- 
pression obtainable for the field at the centre, and hence very 
large currents could be measured with a tangent galvanometer 
of suitable construction. 

§ 2. Sensitive Types of Suspended Needle Galvanometp:rs 

SENSITIVITY OF A GALVANOMETER OF THE SUSPENDED 
NpiDLE TYPE 

The sensitivity of a galvanometer may be expressed as the 
relation between its deflection and the current. If 6/C be large, 
the galvanometer gives a considerable deflection 6 for a small 
current C. 

Now C is proportional to tan 0 in call forms of suspended 
needle galvanometer, provided the needle lies in the plane of 
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the coil when no current is flowing. Hence djC is not 
constant. 

Wo may, however, take tan 0/C as a measure of the sensitive- 
ness of the galvanometer, approximately, for mall deflections ; or 


Sensitivity = 


If we wish to increase the sensitivity of the galvanometer, 
wc must therefore increase the ratio of G to H or increase the 
effect of the field G in some way which does not increase the 
effect of H, or else diminish the effect of H without altering the 
effect of (Jr. The methods of increasing the sensitivity may 
be grouped under the folloAving heads : — 

1. Use of an astatic combination for the galvanometer needle. 

2. Increase in the actual value of G. 

3. Decrease in the value of the controlling field H. 

The Principle of the Astatic Combination. — An astatic 
galvanometer has a compound magnetic system suspended in place 
of the simple needle used in the 
tangent galvanometer. In its 
simplest form the suspended 
system consists of two light 
needles iitted in a rigid frame- ft 

work with their magnetic axes 

in opposite directions. 

TJie two needles are magnet- 
ised almost equally and are 

mountetl one inside the coil and Fig. iSl.-Astatic System of Needles, 
the other outside. 

Effect of the OontroUincr Field on an dAatatic Com- 
bination. — If the magnetic moments of the needles be Mj and M.,, 
the effect of the controlling Held is proj^rtional to H (M^ - M.,), 
since the controlling field is practically Aiform, and the needles 
are magnetically opposed. 

Effect of the Field due to the Current on an Astatic 
Combination. — By idacing the n(H.»dles one inside and the other 
outside the coils, they are in two parts of the coil field which are in 
opposite directions, and as the ne^lcs are also opposed the couples 
exerted on the two needles are in the same sense. The total 
coui>lo exerted on the needle by the field of the coil is consequently 



570 


A TKXT-HOOK OF rRACTICAL PHYSICS 


TT. VI 


proportional to + ^ery rouglily, the approximation being 

only very rough btvaiise tlu‘ strength of th<! held outside the coil 
acting on the needle is not nearly eipuil to ({ the strengtli of 
the Held inside the c(»il. 

The sensitivity of an instrument of this type is thus greater tlnui 
that of a single needle instrument with similar coils, by a factor 

(roughly), so that with nearly equal noeiUes an astatic 

galvanometer may be extremely sensitive. 

If and Mo are too closely equal, the instrunnmt becomes 
unstable, and tlicrefore care must be takt^n to avoi«l this. 

An instrument using a needle of tliis tyjHJ is not alfinlutc on 

account of the unknown value of ” cannot bo relied 

upon to give consistent deflections for the same' cMirrent from day 
to day, as a slight change in Mj or Mo has a large t‘ft*eet on the 
denominator of this factor, and ctmseqmuitly on the sensitiveness. 

The Control Magnet.- -Frequently a control magnet is tith'd 
above the coil of a galvanometer; the height of the magnet above 
Tlni coil can be adjusted, and the magnet can alscj be rotated about 
a vertical axis. 


The needle of th*^ galvanometcu' is then under a ri'sultant field 
H, due to the field of this magnet and the field of the earth 
combined. The value of 1£ is thus adjustable r)V(*r a wide range. 
For great sensitivity the magnet is adjusted until its lield almost 
completely overcomes the earth’s field. Jf, on the other hand, the 
galvanometer is required to be insensitivi*, as whvu determining its 
re.sLstance by Thomson’s method, the magnet is brought down close 
to the needle and its field arranged .so as to assist the earth's fi<*ld, 
II then being very great. A weak control lieM (•anst‘s a very slow’ 
sw'ing of the needle, a stronger field causing a correspondingly <|uickcr 
swing, hence for great .sensitiveness tlie magnet must be adjusted to 
give a very slow* sw ing to the needle; the sensitiveness is proportional 
to the square of the period of .sw’ing. 

A great advantage of the use of the (control magnet is that the 
controlling field can be directed as desired, by turning the <*ontrol 
magnet, or any j^n-maiiefit (h'llection due to a stuiuly current can be 
corrected by rotation of the magnet. 

Method of obtainingr an Increase in the Galvanometer 
Constant G. — To increase the field due to unit current it is neces- 
sary to use a coil of small radius rand with a large number of turns n. 
These requirements are to a certain extent antagonistic, the nidius of 
the outside tnrri.s increa.ses as the number of turns is im^reased, and 
there is a limit to tlie extent to which ii may be useful It/ increased* 
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SIMPLE TYPE OF ASTATIC GALVANOMETER 

In the siini)lL‘ typo of astatic galvanometer the coils arc wound 
flat so that fairly long needles can l>e used : the flattening of the 
coil is e(iiii valent to a reduction of the radius and makes for in- 
creased sensitiveness ; altliough if the coil is flattened, G cannot 
he calculated. 

This type of galvanometer is used chiefly to detect minute 
currents in rough ex|>eriiiients with Wheatstone’s Brwlge. 

A useful exercisi* is to calibrate a galvanometer f)f this ty}>e 
using a 2-volt cell and a resistance box adjustable to 10,000 ohms. 
Calculate the current, assuming the cell to give 2 volts, and plot 
curves giving tlie variation of C with 0 and of C with tan U. 

P>y combining an Astatic Magnetic System with a control 
magnet, galvanometers of great sensitiveness can be made. 
Sometimes the two parts of the Astatic System are placed in 
separate coils one above the other, wound oppositely so as to 
give couples in the same sense acting on each of the needles. 

The Figure of Merit of a galvanometer is UMially determined hy the 
current in amperes required to give a deflection of 1 inm. on a scale at a dis- 
tance of 1 metre, when a lain]) and scale metliod is lued for measuring the 
dclK'ctioii. 

HIGH AND LOW RESISTANCE GALVANOMETERS 

A galvanometer may be made with a large constant G, by the use 
of fine wire in winding the coils. This entails great resistance, 
but that is no disiidvaiitage for work where a definite quantity of 
electricity has to be measured by discharging it round the giilvano- 
meter. Thus if a condenser is charged and the charge has to he 
measured, the whole charge will pass round the coil of the galvano- 
meter however huge its resistance. 

On the otJier hand, in testing for Imlance in using a Wheatstone’s 
Bridge, the adjustment has to Iw made until two points are at the 
same 2)otentlal^ and a galvanometer must be used which w'ill detect 
the smallest jHjfentiat difference possilde. In such a case, the 
current flowing through a high-resistance galvanometer would be 
mueh smaller than that through a low-resistance galvanometer for 
the .same P.l). In the ca.so of the high-resistance galvanometer, the 
current would be small but would pass through a largo number of 
turns. With the low-resistance galvanometer a much larger current 
would pass, but through a smaller niimlier of turns. Usually, the 
galvanometers being similar in design, a smaller deflection would be 
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obtained with the high than with the low resistance galvanometer in 
a wise of this tyjLH?, and hence for detecting small iK)toiitial differences 
a low-resistance galvanometer should bo nwd. 


This may be summed up by saying that a high-resistance 
galvanometer is extremely current .sensiftrey while a low-resistance 

galvanometer has a great jpoiential 
sensitiveness. High-resistance gal- 
vanometers are used for the measure- 
meat of relatively large potential 
differences and for the deieetiou of 
minute currents. Low-resistiince 
galvanometers are used for the 
measurement of relatively large 
currents and for detecting small 
potejitial differences. 

BALLISTIC GALVANOMETERS | 

When the duration of the cur- 
rent is extremely short, the quantity 
of electricity passing through the 
coil of the galvanometer may be 
measured by observing the throWy 
or first swing, of the needle, pro- 
vided the time whicli the current 
lasts is small compared with the 
time of swing of the needle and 
provided the damping is slight. 
A galvanometer of this type is 
termed a ballistic galvanometer. 



Flo. 2i>2.— OalvanonieUT. 


§ 3. Suspended-Coil Galvanometers 

A suspended needle galvanometer jx)ssesses the great dis- 
advantage that it is susceptible to any variation in the external 
magnetic field. By use of a suspended coil galvanometer, this 
difficulty is got over entirely ; this type of galvanometer also 
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possesses the advantage that it can be set up facing in any 
direction desired. 

If a wire of length f, carrying a current C absolute units, be 
placed perpendicular to a field of intensity H, the wire experiences 
a force of HCi dynes, the direction of the force being perpendicular 
to the wire and to the magnetic field. 

If a rectangular coil be placed so that the plane of the coil 



Fig. 283 .— Suspended-Coil Galvanouieter. 


lies in the <lircction of the field IT, a current C flowing through 
the coil will cause a cou])le of to act on the coil, d being 

the breadth of the coil, I its length, and n the number of turns 
in the coil. 

For a coil of any shape the couple is HC?jA, where A is the 
area of the face of the coil. 

In a suspended-coil galvanometer, the coil, supported by a 
fine strip of phosphor-bronze, is suspended between the poles of 
a very powerful magnet (Fig. 283). The current is led into 
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tho coil by the susi)ending fibre and leaves by a loo^dy wouiul 
helix attached to the base of the coil. 

Any motion of the coil due to tho couple IK.'^A h opposed 
by a resisting couple exerted by the suspension. 

When the coil is deflected through an angle, the couple 
acting on the coil, if the field is uniform, is lICwA cos 0^ ilue to 
the magnetic field, and the restoring couple is K6/, due to tho 
suspension, K being the torsion coefticient of the suspending 
fibre. The coil comes to rest when HCw A cos d = K0, 

r. - 

” H/.A cos 


/V small ihjlections cos 0 may be taken as unity, a?Hl the 

.6 H«A 

sensitiveness is expressed as = - 1 . . 


Hence for sensitiveness we require a coil of large area, and fd 
many turns, hanging in a very strong tield II, and suspended 
by a fibre whrwe restoring couple for unit twist K is vvvy small. 


In some forms a bililar suspension is nse<l, the eurreiit ^•nt<‘^ing 
and leaving hy the two .sus|H.-iiding fibres; this type is not very 
coiuiiion. 


Method adopted in Suspended-Coil Galvanometers to make 
the Deflection proportional to the Current. — The factor cos 0, 
which occurs in the expression for C in tho case of a suspended- 
coil galvanometer with a uniform field, can he got rid of in 
a simple way. 

The p^Jc-picces of tlic magnet are ground concave so as to 
form portions of a cylinder. Between them there is a cylindrical 
soft-iron core, its axis being coincident with tho cylindrical 
surfaces of the poles. In the annular space }>etw'ceii the core and 
the pole-pieces, the field is very nearly radial^ and may bo con- 
sidered as radially syninvetrical over a considerable angle on either 
side of the mean line. In this annular space the coil moves, 
and the field is in the same plane as the face of the coil in all 
positions, provided the coil is not displaced more than 30*' from 
the position where it lies symmetrically across from one pole to 
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the oiliur. Th<3 Ktrciigth of the field is uniform over the range, 
and thcr<‘forc the coil is subjected to a couple UCnA when 
Ciiirying a ciirrenb C, irrespective of its position. 

If it is deflected by the current through an angle 0 from its 
zero iKJsition (which may be anywhere in this range), the deflection 
will be given by 

HCaA = Kd, 


i.e. 


C = 


K0 

H«A 


^Dead-beat* Type of Galvanometer. — If the coil is wound 
on a light, conducting frame, or is enclosed in a conducting tube which 
niovt's with the coil, the motion of the coil is iniiXided by currents 
inductMl in the frame or tulxi due to its motion across the lines of force. 

A galvanometer of this tyi>e moves up to the deflection 0 
corresponding with the current in the coil, and comes to rest at 
once. The deflection 0 is not atfected hy the induced currents, as 
they have a zero value as soon as tluj motion ceases. 

Method of * damping ' the Oscillations of a Suspended- 
Coil Galvanometer. — If the coil is not mounted on a conducting 
fraiue, its oscillations can be reduced by ‘shortcircuiting’ the galvano- 
meter, when it is n*<pi\red at rest in its zero \u>s\t\ou. T\n> is done 
hy connecting the terminals to a ta]»ping key ; tlie key is left open 
during any experiinent, Imt when the galvanometer is to bt* brought to 
rest tile tapping key is depressed. The in the coil due to 

its motion aeross the field can tlien send an induced current through 
the coil, this current opposes the motion and the coil conics to rest 
immediately. Ilie key shoukl only In.* ju'cssed as the coil is almost 
in its mean jiosition, otlierwise the motion towards tlie mean position 
will he very slow and time will be wasted. The coil must Ik? at rest 
with the ta}»ping key open before the next deflection is taken. 

In using a P.O. Box it is .sufficient usually to depress the galvano- 
meter key alone, no auxiliary ta}»ping key being required. 


§ 4. Ammktkus and Voltmetkus 

AMMETERS 

An ammeter is a galvanometer graduated in such a way that 
the current flowing through it can be read ofl* at once in amperes, 
or fractions of an ampere, by means of a pointer moving over a 
divided scab*. 
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For large currents a sbunt is incorporated in tho instnins^fill;, 
so that only a fraction of the total current passes through the 
galvanometer coil, the shunt being adjusted until currents of the 
required value give a suitable deflection of the pointer. For a 
multiple-range ammeter several shunts are provided, so that 
difierent fractions of the current flow through the coil 

The following example illustrates the method of calculating 
the shunt required to convert any kind of galvanometer of a 
given sensitiveness, into an ammeter reading over. a certain 
range : — 

Suppose a current of 0-0002 ami^ere through the galvanoiiifiter coil gives 
the full deflection on a given instrument, the coil liaving a resi.sUnce of 
15 ohms. If it is required to u.se this as an ainnietcr reading to 5 amiwri s 
a shunt S must be provided, so that when a total current of 5 amperes is 
flowing, the current in the cuil is 0*0002 anq^ero ; t)ic imtruiiieut thou 
giving its full deflection for a total current of 5 ainj»cres. 

The value of S ean lx* worked out as follows : — 

Curn-nt through Coil Risi.-tanee of Shunt * 

Total Current ircNrstaiice of ShuiiV VlioMslan^^ I* 

0*0002^ S 
5 S+15’ 

0*003 
4*098’ 

or S = 0*0006 ohm approximati-ly. 

Ill a similar w-ay the magnitude of the shunt required for any range of 
current can bo calculated. 

The shunt is usually calculated approximately, and then is adjusted tf/lrr 
till the ammeter reads correctly when a known current is sent 
through it. 

Attracted-Iron Ammeters. — For rough "work attractcd-irrin 
ammeters are largely used. The current flows round a coil and 
attracts a piece of iron with a force dei>ending on the current flowing. 
The iron is attached to a iK)inter whicli is moved over a scale as the 
iron moves, the moving system being pivoted on delicate steel pivots. 
The motion is controlled by a balance weight and a hair-spring, so 
that the pointer always takes up the same position for a given 
current, returning to zero wlien the current is switched oflfl The 
scale of such an instrument is very uneven and must be graduated 
empirically, i.e, by sending known currents through the instrument, 
and marking the position of the pointer to correspond. 


Le. 

This gives 
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Attracted-iron ammcterB may lie used for alternating current as 
well as direct^ if a thin piece of very soft iron is used. 

Hot-wire Ammeters. — ^In this tyjKJ of ammeter the current, or 
a fniction of the current, flows through a thin wire stretched 
between two fixed supports. The wire, being heated, expands. 
Another wire is attach^ to the middle of the headed wire and 
imsses round a thin spindle on which the ]X)inter is mounted, the 
spindle being rotated by a hair-spiing so as to keep this second wire 
taut. 

When the hot wire expands, its middle point Is pulled sideways 
by the second wire, until all the sag of the hot wire is taken up 
The rotation of the spindle turns the jx^inter through a correspond 
ing angle, and thus the motion is recorded on a scale. 

Hot-wire ammeters may be used for either alternating or direct 
current. The scale is not at all uniform, being much more *open* 
for largo currents than for small. 

Moving-ooll Ammeters. — A moving-coil ammeter is constructed 
exactly like a suspeutled-coil galvanometer except for the niode 



Fw. 2S4.— Moviii^-coil ^Viwmoter. 

of suspension. The coil is usually mounted on pivots, and its 
motion is controlled by one or two hair'springs, which .also 
servo to conduct the current up to and away from the coil. 

By the use of concave pole pieces and a coaxial cylindriciil 
iron core the deflections are made proportional to the current, 
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so that the scale is practiailly iinifonn, the et)il bein^ illowo*! to 
move only over the region where the liehl is nwlial. A uspeiHlod- 
coil ammeter must be connected so (hat the current always goes 
through it in the proper dii’ection ; it is only suitable for use with 
direct current. 

The requisites of a good ammeter arc ( 1 ) accuracy and (2) low 
resistance. An ammeter must have a low resistance so that it 
may be inserted in a circuit through which a current is fh)wing 
and yet not alter the value of the current in tlie circuit, f.c. it 
must not introduce afiy additional resistance into the circuit. 

VOLTMETERS 

A voltmeter is used to indicate the dillerenei' of j^oiiMitial 
between the fwo points across which it i'< conrurted. It shnuld 
take no current wliatever, otherwise the IM). hetween these two 
j>oiHts may be eluinged when the voltmeter is connected across 
them. 

This eorulition is only satisfied in Klectrustatic VoUmotors, 
the usual type of voltmeter being a hig)l-n^si^tance galvanometer 
which only appniximates to this ideal: uluuff/s t/tnf thr 

curr^itt ill Ihe ntltmicfn' is •! h*ffUqihh* (/i/tfnfift/, Idic higher the 
resistance of the voltmcier, the mon* acenralely will it indicate 
the P.l>. orifjiualhj cjistln^f iMjtween the points to whicli it is 
connected (see example on p. 

Any type of galvanometer suita)>le for use as an ammeter 
can be adapted -for use as a voltmeter. The diirercncM* in the 
construction is, that whereas the galvanometer is shnuled with 
a very low resistance to make it intf> an ntnnirtrr, it has a vny hiyh 
resistance in series wdth it when required for use as a roltweter. 

Moving-coil Voltmeter. — The usual tyjie of voltmeter is a 
suspcnded-coil galvanometer similar to the galvanometer part of 
the moving-eoil ammeter already described. In series with it is 
a coil whose resistance for a given range can be calculated as 
follows : — 

Suppohe th« moving-coil galvanojm t»'r gives its lull (leticciion fur a 
cuiTent of 0*0002 fiinpere as aKsiinicfl l>c*forc (p, r»70), ami that its ro* 
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sisUuro is ITiohms. This caji })e nioclci into a voltmeter reading uj» to 5 
Volfs ]»y iin hiding in the iuHtrumeiii a resistainx* It in series with the coil, R 
l»* ing so adjusted that a current of 0*0002 aint>cre goes through the coil 
hen the IM). across the terminals of the instrument is 5 volts. Evidently 
K is given hy the equation 

0.0002=j^-^^^. 

R= 24985 ohms. 

If a resistance of this magnitude is connected in series with the moving- 
coil galvanometer, the whole would be a voltmeter of range 0 to 5 volts. 

The value of the resistance} required for any other range could be calculated 
in a similar way. 

A iiuivilig-coil voltmeter is siiitalde only for use with direct 
euiTcnt. 

ll(»t-wir(‘ voltmeters Cc^n he constructed in a similar way, the 
moving system being identical with that of a hot-wire ammeter. 

It is of great importance to note that, assuming the 
graduations to be accurate, the voltmeter reading is the 
P.D. between its own terminals. 


The Effect of the Finite Resistance of the Voltmeter.-- This is iWusstrated 
in llic foll(l^\illg example : - 

' A cell of K.M.F. 2 volts lias an internal re.sistanec 20 ohms. Its poles are 
eonneefed to a voltmebT. What will be the voltmeter reading if the volt- 
lUftiT resistance is <(f) 20, {h) 200, (»•'' 2000 ohms. 

If K is tJie E.M.K of the cell and V the IM). across the voltmeter terminals, 
we liavc 


K = 


fR-lM 
I ir j 


V. 


wheie K is the oxtermil rcsi>tanee and B the internal resi^tanee. 
In this case 11 is tlie voltmeter resistance. 


(«) 

(ft) 






(C) 


' "^2020 


= 1-98 volts. 


Th^sc quantities are the voltages which would be registered bj’ the 
various voltmeters, the errors being 50 per cent, 10 per cent, and 1 per cent 
in the three eases. 

With a voltmeter of higher resistance still, the error would be corresiamd- 
ingly reduced. 
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With a cell of lower redbtanoei the accuracy would also be greater. 

Cheap Yoltmetera usually have fairly low resistance^ and oaa only be 
relied on when the resistances of the conductors between the |K>ints to 
which they are connected, are extremely low. 


§ 5. Commutators 

^ A commutator is an arrangoment for reversing tlio diri»ction in 
which the current flows through a iMirtieular j)iecc of apparatus 
(usually a galvanometer) without diHOOiinecting any wires, A com* 
mutator must possess at least four teruiinals. Of these two must 
be connei'ted to the apparatus in which it is desired to reverse the 
current, and Ac other two to tlic source of lurrent. The oily 
difficulty is to decide which two are to form a pair. Cominutatois 



G, G, G, N 

Fio. 2S3.~Pai'aHvl and Diagonal Tyin* CommutatorH. 


may be divided into two tyjKis, (1) the parallel tyjic and (2) the 
diagonal type (Fig. 265). 

In the jKirallei type the battery tenninals, P and X, are in a 
line parallel to the line joining the apparatus terminals. Id tlie 
diagonal tyjHJ the battery tenninals are diagonally oi>posite one 
another. The connections in the first position are shown by 
continuous lines, and the connections in the second position by 
dotted lines. In the first position the terminal Gj lx»comes positive, 
Gg negative; in the second position Go becomes jK^sitive, C», 
negative. The student should notice that in tlie first type tlicre 
Ls a diagonal connection (POg, NG^), in the second tyiKj there is no 
diagonal connection. 

The method of connecting up any commutator can 1)0 worked 
out in the following way ; — 

Choose one terminal of the commutator and label it P. Note 
the terminal connected with it in one position of the moving part 
of the commutator; call this terminal Gj. Then “reverse” the 
commutator by moving over the switch arm. Tlie terminal to 
which P is now connected is labelled Qg. 

Now find a terminal to which Gg is connected when P is in the 
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first j)Osition, and call this N ; it will genemlly be found that when 
P is connected to G.^, N is connected to at the same time* 
P and N are used as the battery terminals and G^ and Gg are the 
galvanometer terminals of the commutator. 

If only four terminals are fitted, N must obviously be the 
remaining terminal after P, GL, and Gg have l>een decided on. 

If it sliould hapjien that N is not connected with G 2 when P is 
connected with Gj, and vice verm^ it is 
evident that the^wTong terminal has been 
chosen for P, and the investigation must 
be recoil iinciiced, choosing canotlier terminal 
ns P. This will occur only very rarely, the 
pairs and Go, and P and N being always 
interchangeiible. 

This method is not applicable to a plug 
coinmutator. 

Various forms of commutator are illus- 
trated in Figs. 286-2S9. 

Fig. 286 is a convenient form w’hieh 
ajipeara to be peculiar to the Wheatstone 
laboratory. 'Jlic central disk, which can bo 
rotated about a vertical axis, carries two 
metal strips" which make eonhict with the four metal studs. 

Fig. 287 is a double plug switch belonging tc» the diagonal 



Flu. 2^7. - Double Plug Switch. 

ty^x?, and the battery must ho connected to terminals which are 
diagonally opposite one another. The plugs must never be iiist^rted 
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in ailjficen( lioles, but jilwuys in ln>les wbirli an* iliapaially 
one iinotluM*. 

Fi^L^. .allows a useful type of eomimitator by U. NN . J'aul, iii 
which it is merely necessary to ]msh the rod, All, alonir its axis in 



Fn;. Pa'il'n ('oinmutotor, (,K. W. Paul »S: Ci».) 

order to rever>e the curnnit. The .Nliding bar carries two insulat(Ml 
metal plates 0, which make contact with the brushes on opposite 
sales of the switch. The bar has three positions, the central 
position corresponding with oin-n circuit. As the brushes are liighly 
laminated the contact resistance is extremely low. 

In the foreg(»ing diagrams the ‘battery terminals’ are marked 1^ 
and N, the ‘ galvanometer terminals ’ b«*ing ( aial ( The student 
must verify th»‘se indications in each ca^e, and should draw a 
diagram slmwing the way iu which the current llows in each position 
of the moving s\sU*in. 



Pus. 280. — Pohl’s Cloiiiinutator. 


Fig. 289 is known as rohVs corninutator. A and B are tlic 
battery tenninals. The ajjjjaratus in which the current is to be 
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reversed is connected either to C and I), or to E and F. The 
rocking part S dips into mercury cups. This form is not recom- 
mended for an elementary laboratory. 

A rocking commutator of tlie Polil tyi>e can be constructed with- 
out mercury cn]»s if sjiring contacts are fitted at the two ends and 
hinge contacts at the middle. 

§ fi. Kkys and Switc^hks 

Plug* Key. — ^riiis form is convenient fr»r making a good con- 
nection of low resistance when a current has to l)e maintained 
lot a coushlcrable time. 

Tapping Key. — In thi> kc*y contact i^ made only wbeu tbe 
spring is depressed, the spring ^j^utoinatically breaking contact 



FiiJ. 200.— Tappinj: Key. 


when the ]»ressurc is removed. It is convonient for use whenever 
a ciiiTent is only reciuired momentarily, as in damping the oscilla- 
tions of a suspended-coil galvanometer. 

Two-way Switch. — This is a convenient form of switch when 



Ki«.. 201. — Two-way Switch. 

it is necessary to cliange a connection rapidly from one piece of 
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apparatus to another, iis in tlio case of the rolentiometor 2.*i7V 
A hinged arm can be turned so as to make cimtact with one or other 
of two metal studs. One terminal is connected to the hinge, and 
one to each of the atuds. 

Double Pole Throw-over Switch, - This is a useful type of 



Fin, 21^-’, ~lX>ubl#* rule Tbix>w-o\»*r Switrlt. 


switch provule<l with six terminals, and its construction may be 
understood at once from the dhigrams. In the position shown in 



full line in Fig. 293 the connections are from A to C, and B to D. 
In thf‘ other i>ositioii, A an<l E are connected, and B and F. 

A Pohl commutator lxc<mi(%s a switch of tliis tyix* if tlio cross 
connections from 1) to E and C to F are removed (Fig. 2K9). 


g 7. Kksistancks and Khkostats^ 

The sim])leat form f»f re.'ilstance for laboratory use is a length 
of l>are platinoid or manganin w’irc. For resistances m» to alxmt 
1 ohm a length of about 1 metre of wire (No. 2*2, S.W.G.) serves 
as an adjustable resistance by fixing one end to a |K>int in the 
circuit and sliding the free part of the wire under a binding screw 
till the required resistance is obtained. 

Besistance Coils. — Bobbins provided with terminals to which 
are attached the ends of a coil of silk-covered resistance wire 
are useful both as known and as unknown resistances. Standard 
coils are constructed as in £xpt. 23b, Fig. 254. 
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Hesistanco Boxes. — An ordinary resistance box consists of 
a number of coils constructed to have resistances which are exact 
inulti[>les and sub-multiples of one ohm. These are wound on 
small bobbins so as to have as little self-induction as possible 
(^ee Expt. 238, Fig. 254), and are thoroughly soaked in }jaraffin 
wax. 

They are enclosed in a box, usually with an ebonite top, the 
ends of the coils being brought through the ebonite and connected* 
to thick brass blocks which are mounted on the top of the vulcanite. 

Between the blocks of brass, stout brass plugs can be fitted as 



shown in Fig. 21)4, the plugs Ixuiig ground that they fit half into 
eiicli \»\ock, a connection of extremely low resistance Ixing thereby 
, made l)ctwcen the brass blocks. 

If the plug a is removed, the current must flow through the 
ie.si.staiice coil, the ends of which are atbtched to A and B, in order 
to i^ass from one block to the other. When the is inserted, 
the resistance otlered to the pas-sage of the current is negligible. 
Thus, in using a resistance box, tlie fofa/ iiitrodured in 

the cur nit the hor m vtjual to the sum of the tesistances indimUd 
at the side of the holes from v*hich. the jdto/s hare Urn removed. 

In using a resistance Ik)x, care must Ikj taken to insert and 
remove the plugs with a slight screwing motion in addition to the 
pressure or i»ull Aqiiired to insert or rcmovt' the plug. The plug 
should always be screwed in a ro/htdianded direction even when 
removing it, otherwise the plug head may be screwed ofl‘ without 
removing the plug from the hole. Whenever the plug is removed 
from between two blocks of the resistance 1m)x, the i»lugs on either 
side should lie pressed firmly into their holes again, as the blocks 
will have ‘ sprung * slightly towards the vacant hole and the plugs 
on either sule will be loosened. 

Beaistance boxes must never he used for heavy currents, as tlie 
coils would he overheated and the lx»x ‘ burnt out.’ A box should 
never be used by a student in conjunction with a secondary cel) 
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uiiltvss perniiij.sioii lius Ihhmi received that this inav he jI'Mh*. In any 
case, the resistances in the l)OX must never he reduced to less than 
30 ohms when a secondary cell is ustnl. 

Sliding Bheostat. — The ivsistanee wire is wound round an in- 
sulating cylinder. One end of the wire is attach**il to i»ne terminal 
of the rheostat. The second terminal is attached to a sliding con« 
tiict juece which cun he removed iKirallel to the c‘ylindcr, so as to 
make contact witli the resistance wire at some on a generating 
line of the cylinder. 

Wheatstone's Rheostat. — Two parallel eyliiulers are mounted 
side hv side, .so that each can rotate about its a.vis. One cylinder 
is of hrass, the other of wood cu* stuue insulating material. A 
snvw thread is cut on tlie latter (‘ylindi*r, and a length of resistance 
wire lies at the hottom of tlie thread. Oiw cml of thi- wire \< 
attachetl to the metal e\liiider so that, whmi this is rotated, the \Niri' 
i> \\<*und otl* tin* wtHMh n evliiider and <»n to t)ie metal cylinder. 
The luriw f*f on tlie iin*tal arc sliort-eireuiled, sn that tin* re- 

>i-tan(‘e in iwe that of tin* wire on the wondtui eyliiuler only. 
The advantaic** of thi^ arrangement is that it gives a roati tn/ittm 
ailju^tiin nt of re’-istaiiee. 

Carbon Resistances. — Ad}n*'tiihle re>iM«uu*eH may he con- 
.structed h\ placing a numher of cireul.ir .dieet> i»f carhf»ni>tMl cloth 
between two metal ]»lates wliicli may he ]»n‘>M*d U^gether by means 
of a nut and a ."Civw. The reMstauct! is altered by altering the 
j>res>ure Ik*! ween the ]»lates. 

In another form solid plates of carbon ar(f]»rcs.scd together in 
the same fa.diion, and the re^i.^taiiee n't varied by altering tlie number 
of plates or tlie pres^ure between them. 

Adjustable Resistance Frame. — A convenient f«»rm (tf 
adjustable resistance in cojninon use is tliat >\hich cr>nsi.sts in a 
rigid frame on which are stnilche<l a number of sjural coils of vNire 
arrangeil in zig-Xiig fashion (Fig. 295). A metal liaiidle eonm*cted 
with one terminal of the rhe(»stat moves over a series of metal studs 
connected with .succes>ive s]nrals. AVith the handle in one e.xtreme 
pr>siti(m the current must jiass tlirougli </// tlie spirals, hut as tlie 
handle moves from stud to stud the current ]>asses through fewi*r 
and fewer spirals, till the otiie.r extreme position is readied when 
tlie current usually jiasses direct througli the handle to llic second 
terminal of tluj rheostat. Hiis arrangenn*nt is useful as a rough 
regulating resistance for fairly large currents, say from 1 to 20 
amjieres. 

Such resistance frames are marked usually with their approxi- 
mate full resistance and by the cniTent wliich tliey are designed 
to carry without overheating. This current must not bo exceeded. 
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'rin SC! ivsistaiices must nev(3r be used as standards for comj^arison, 
tlio ijulicated resistances being only approximately correct. 



Fni. liamp ResisUnco. 


to be reduced to somewhere near a definite amount is the grid 
type. These are made for use on various voltages, and are 
usUfilly marked with their approximate resistiince and the 
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voltages for which they are ilesignod. From these, th«‘ current 
they are designed to take c^in bo caleuhited, and this must 
never be exceeded. These grids will only Uike this current pro- 
vided they are well ventilated ; if enclosed so that they are not 
cooled by convection currents, they would ovcrhciit rapidly and 
fuse. 

Lamp Resistance. — For many exporinients current may be 
used from the lighting mains if suitable resistances are employed 
to regulate it. A convenient and cheap appamtus is shown in 
Fig. 296. This can Ik^ made in deal or mahogany, using ordinary 

Itdfftn liimpdioldoi*s. The con 
iicctions are as shown in Fig. 
297. C, 1), and E are lamp- 
holders screwed to the base 
and connected in parallel as 
shown. 

The current for the experi- 
ment is taken from the ter- 
minals A and 'I'he polarity 
of A and B can be found by polc-fincllng paper and, by the use 
of one, two, or three lamps different currents be obtiiined 
for purposes of experiment. A larger number of lamp-holders 
may be fitted if desired. * 


A 

Adapter fleJtitle Leads 

[— O — 

Pui. 297.— r'onn<‘ctionH of Ijiiup lle^iUUTiC'*. 


^ 8. Tksts Foii Polarity 

Pole-findiner Paper — testingr Polarity of Lishtinfir Mains, 
etc. — Ordinary litmus paper is quite suitable for finding the 
polarity of cells, or mains, where direct current is .supplied. Tin* 
pajier should Ik* moistened and the two wires placed close together 
on the pajKr, but they must iH>t touch each other. The jioiiit of 
contact of tlie ponittve will show a red mark after a moment or 
two, the nef/ative giving a hltie coloration. When testing the 
polarity of the lighting mains great care must be taken not to 
touch the bare wires with the fingers; the wires must not touch 
each other, nor must either wire come into contact with any 
metallic fixtures such as gas or waiter pijKJS. Failure to observe 
il^ese precautions vi/iy result in a severe shock to the experimenter^ 
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amZ if file wires ion-ch each other^ or any inetal fixtures^ severe bums 
nuiij nsulL 

Starch paper, i.e. paper soaked in a solution of starch and 
IwUiasium iodide, turns blue at the positive terminal when two 
wires are placed in contact with the paper (first moistened). 

1l¥- 

Methods of determining the polarity of the terminals by means 
of the magnetic action of the current have been described on p. 449. 
In applying these methods to the lighting mains sufficient resistance 
must be placed in the circuit to prevent* the current being excessive. 
The lamp resistance described above is suitable for the purpose. 

One of the mains of the supply company Is usually earthed. 
In tlie case of a two-wire system the second main may be either 
above or beloAV the potential of the earth. In the case of a three- 
wire system the middle wire is earthed Of the other two, one is 
above, the other l)elow the potential of the earth. Thus, if the 
live mains are at +100 and -100 volts resi)ectively, lamps or 
iipi)iiratus requiring 200 volts would be connected across these live 
mains. If only 100 volts is needed for any purj^se, the ap]>aratus 
is eoiinccted between either live main and the middle (earthed) 
wire. 
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ADDTTJOXAL EXKHCISi:.S IN i:LKiTl!iriTV 

1. Te>t <»y HUMUS of a Ic:if of t]if «‘h pro. 

oi: ro'U ofglii^s, and -••.iliiig-uax w hm iiil.l.i d l.y fur. ll.iumd, 

and silk. 

2. Find flu* jw^itiM' t*TiniiM] of ilio uiNi'ii ii^inir a !»• •••lit', 

.1 and a la-^ulatiuo rify tin- rrsult l»\ 

tfi*‘ wirt* into a r'>ii^h '’Oil. 

Plot til*' liin > vif round a l»»n*^ xiTii'-al \\ir*> cairwrij' a furn'iif, 

lUid find fr*Hn Y*Mirdi i^^ium tin- iinoiiNity *»f tin- fn-ld *>f ihr win* at a *li^i:inc*' 
of 15 ciu. from the wiie. Take tin* oarih’s hori/.ontal fn ld . 0‘lSa (Ml.S. 
units. 

•1. Plot the lim*> of fon-«- round a •-iit-ular t-oil lairyinu :i niin-nt, ami 
from your *Haoram plot a <‘ur\* shuujii^ liow tin* tiel*l ai«mg tin* a.xis vari*'s 
witii the distance fnnn tin- coil. 

5. Connect tin- ^ivcii hy a coinniutator t*» n lanocnt ^alvanoinchT" {a) 
di^-ctly, {hj through a giv»ia rcsiatanc*-. Compar*- tin* *-urr*'iits in tin* two 
ca.*jes. 

6. Connect two cells — M) in s*ri*-s, (2) in parallel, ('T) in opposithm, to a 
tangent galvanom*-ter. Compare the curn-nt-. in tin* llire** cas*-s. 

7. Connect the tw*) e<-lls in s< rit-s tliriuigli a ****minutator to a tangent 
galvanomet«*r and mil*- the *h-fIections ohlaiin-d. Inv*-rt tin* *‘onncctit)ns ot 
one c<*ll ainl again note the def!ei:tioiis. What result can he *le*liii ed from 
these ohaervati*Jiis ? 

8. Compare the nuniher of turns in coil A of the giv»*n taiig* nt galvano- 
meter with the numher of turns in coil li, given a constant cell ainl a 
re.sistance hox. 

9. A secondary cell of E.M.F. 2 volts an<l »»f ncgligihlo resistance is us<-d 
to send a current through a resistance box and a tang*nt galvanometer, 
whose resistance i.s al.so negligible. Find what current would produce a do* 
itection of V. 

10. Plot a curve showing the variation of tlie tanfjmi of the deflection of 
the given tangent galvanometer, with the value of the resistance ]»laced in 
scries with the galvanometer. Sliuiit the galvanoimdcr W'ith 5 ohms, an*l 
repeat the observations, ]»lotting tlie (uirve on the iaim paper as the first 
curve. Can you e'stimate aitj^n-oximatrly the resistance of the galvanometer 
from your results ? 

11. Connect the three given cells in series with a resistance box and a 
tangent galvanometer, adjusting the resistance till the deflection is about 
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tlio resistance contifant, group tlie cells in all possible ways, 
using any number and placing them in scries or in parallel. Compare the 
currciits (lowing through the galvanometer in the various cases. 

12. Measure tlie strength of the current through the given incandescent 
lamp by means of a tangent galvanometer. Express the result both in 
C.C.S. units and in ami>cres. 

12. Wind a length of insulated wire over a glass lube about 20 cm. 
Tong and 1 cm. in diameter so as to form a solenoid. Plot a curve showing 
tin' relation between the magnetic monn^nt of tlie solenoid and the current 
ilowing through it, using a iiiagiietometer and a tangent galvanometer. 

M. Kcpf'at the previous experiment when the solenoid is provided with 
a core consisiing of a bundle of soft iron wires. 

15. (iiven two coils of wire, a compass needle and a ‘'ell, determine whicli 
coil lias the greab-r number of turns. 

IG. (liven two coils of tliick wire of the same dianuttr, a romj)ass 
net-dh*, a n-sistance box, and a cell, fiml the ratio of the number of turns iu 
lli*‘ lir-t eoil to tin* nunilicr of turns in the second. 

17. Plot a eiirve sliowing the relation b^»twc4*n the weight tliat <Mn be 
lifh'd by an rlcelroniagiu t and the curn'iit flowing through tlu; coil. 

IS. ti-st the accuracy of the readings of the ammeter supplied, using a 
g.ilvauonu'ter. 

It*, riu'l how the ilcflectiou of th«‘ given galvanometer varies with 
curnuit. 

20. Plot a curve showing the varialiou of dotVe(‘t\o\\ with cwrreul f'>r aii 
a>talic galvanometer of known resUtance, being given a set of re-i^tances 
and a eoii'^tant cell of known K.M.F. 

21. Kind tlie roskHUiiee of the two gi\en coils by eonneeting them 
separately, then together, in series witli a con>tant eell, a 20 ohm coil, and a 
tangent galvanometer, and noting the delleetions ohtaine»l. 

22. Determine the resistaneo of the gi\en lengtli of wire and calculate its 
diameter, having been given the s]>ecifie resistance of the material. 

22. Compare the specilic resistaiiee.s of the materials of the two given 
wires. 

21. Find the electrical centre of the slide wire of a metre bridge. TThe 
eleetrieal centre is the point dividijig the wire into two i>arts of eipial 
roistaiiee.) 

25. Delermino the ratio of tin* diainetei> of two wire-, of the same 
material by measuring th»*ir le.si.staiiees. 

2G. Find what lengtli of the wire A would have a resistance <»f 5 ohms. 

27. Et|ual length.s of the wires A a ml B, placed in parallel, are to give a 
resistaiiee of 5 ohms. What must be the length of eaedi wire ? 

28. (Jut off from the given coil a length of wire which shall have a 
resistance of 1 ohm, allowing 1 cm. at each end for couneeliou*4. ('hcek the 
result by direct niea.surement of its resistance. 

29. Set uj) the resistance boxes sup)>lied to form a Post Ofliee Box, and 
use it to mca.snrc the given re.sistanee coil. 

20. Find the length of a tangle of wire, using a P.O. box. Its specific 
resistaneo will be given. 

21. Find the resistance of the conductor formed by using one, two, three, 
and four stramls of the given wire iu parallel, each strand being 20 cm. iu 
length. 

22. Compare the resistance of the given coil at O^tJ. with Us resistance at 
100 UJ. 

22. Construct three voltaic cells from the materials supnlied ami compare 
their electromotive foi*ccs. (State which is the positive pole iu each case. 



592 


A TEXT-BOOK OF PRACTICAL PHYSICS 


VT. VI 


34. Dctorinino the resistaiioo tliat iinist In* connocteil !<• llu* jn»li s i»f ^ 
cell to reduce the iioteiitial cUil'eroiice hot ween tluMu lo one miII*. Witatdo 
you deduce from tne result ? 

35. Plot a curve show in how the jadciitial dilVerenee Iw'^een the |ioh-.s 
of a Ixittery varies when ditrereiit resislanees are eoiineete<l viih the jiolex. 

3t>. Being given a cell (e.t/. an aoeuiiiulatorl, a uuitiherof kn< \vn rt*^ist iii<‘es, 
and a low'-range voltmeter, atlju>t the cireuit so that exa« tly 'ic\<r of an 
ampere passes through it. 

37- Alt-asure the K.M.F. due to polarisation when platiMum plates, (A) 
lead plates dip in dilute sulphuric aeid. 

3S. Fit up a cell with copper and zinc plates in <lilule s dphurii: aeid. 
Find how the current from the cell \ .iries with the time. 

39. .Measure the’ current in aminTes through a coil of kiiov u ri sistaiiee !»\ 
using a voltmeter, 

<4!(). Find the maximum current which ean he carrieil l)y the fuse wire 
supplied, 

41. Pass a current through a sheet of tind'oil from <mo marked tnunt to 
another. Plot the e<[ut|>otontial curves on the sheet hy connecting two piiis 
to the teniiiiials of a sensitive galvanometer. 

42. Find the horizontal component of the eartli's held, using a tangent 
galvanometer and a copper voltameter. Thu olectrocheniical e<piivalent of 
copper will lie given. 

43. Find the de!hH‘tion of the given galvanometer for a current of 1 
aui|)ere, assuming the cdectixK'ht*mical e4|uiva]unt of eopix*r to ho known. 

44. Measure tho heat prtwluced in the given electric lamp when connected 
across tho ligliting mains for a mciwureil time. Hence calonlate the current 
flowing in the lamp, aiu! th«i rosistanee of the lamp, being given tho 
difierenee of |K>tcntial between its teriiiinals. 

l.>. Find tho rate of ]>roduetion <»f heat in the given coil when a eurnuit 
of one am|>ere Hows through it, 

4ti. The iiiiit r of two coils is wound clockwise from A to B as vicwcrl from 
above. The galvanometer sUpf»Ue<l has its north deficc led east if the 
current enters it at terminal K. Find the dire(;tii>n of the winding of the 
outer coil. ^ 

47. Find wdiich end of the given magnet is its north |>ule, given a heliv 
of wire, a s**iisitive galvanometer, an«l a voltaic cell. 

48. Apply tlie laws of induced currents to determine tlie ]»ularity of a 

magnoti.se<l lUcce of steel with niimarki'd eruK. Test the result with a 
compass needle brought e.p to tho st« el. • 

49. Ai»ply the law's of induc'd currents to test the |>olcs of a box of cells 
and find which is the ^lositivc. Check the result wdth a j>i(s;e of poledindiiig 
|»aper. 

50. Assuming the E.C.E. »)f hydrogen to lie known, deteriuinu tho KC. E. 
of copper. 
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APPENDIX 

PHYSICAL CONSTANTS AND MATIIKM ATICAL 
TABLKS ' 


MATHEMATICAL CONSTANTS 


Xi’.niU r. 


Log'll itliin to h.’is*‘ 

T 


0-1971.5 

r’ 2*Sd9»I 


-99 1:91 

-O'.ilx'i 


1 -.502'' .5 

; r --- J • 1 < s s 


<»*»J22 *9 



0-4 :i29 

'.’i*ritl v <-u! 

r.n^- 


V 


o-;;oio.‘i 



0-47712 

\ -j i r. pj 


0 -1.50,5*2 

\ ;i-::l'7:J2l 


0-‘2:{s5d 

9&1 


2 -99 107 

80-18 


1-18401 

2 -r.io 


0-1048;i 

458 .09 


2-*J.5(>(>0 

7d0 


2 -88081 

2/ 8 


2 -4:10 Hi 

1-2 


0-02825 


10 -= 2 *:i 0 ‘J!r.S 

Oin- liuUan (unit lor which the arc cijiials tin* radius »_ 57'" ‘2958:= 

57'17'4r>"=:200‘265". 


* The values of the constanls an- in most cases taken Irom the Sinitlisoiiian 
Physical Tables (1914). 

The mathematical tables are repniiluced from Mr. F. (Jastle’s httjarithmic ami 
other TahUa j)Yr (Macmillan & Co., Ltd.), price bd., by kind permission 

of the author. 
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FORMULAE IN MENSURATION 


<^'in;imilVrrin*c of a rude, radius r = 27 rr 


A iv.i td' ii circle — 

Ari a of an i lliphe, semi-axes a and 4 ' Tra^/ 


Siirl'iKtr of a sjilnire 
Voliinic of a sjdiere 
Vdlnine of a cyliiifler 
Vein me of a cone 
Volume of a pyramid 
Volume of a prism 


- 4ir/‘^ 

- 

^ TT/ ^ Indglit 
= X lieii'lit 

- area of l»ase x height 

— area of base x height 


MOMENTS OF INERTIA 

Moments of Inertia about an axis of symmetry. 

Chriilar ring or htKgt^ radius o, 

\ 

I^rfo/tt/nlor hor about an axis tlirough the centre of gravity 
p<‘r|M‘ndicular to the edges of length 2/f and *lh^ 


I-M 




Ellliitir semi axes o and 4, about an axis through the 

erulii* of gravity \>evpen(\ieu\ar to its phmo, 


I - M 


I 


Tlie eireular plate is a j>arlieular ease, a --==h and 


1--M T. 


Eolid elUjuioid, semi-axes ff, h, r about the axis r, 

0 

'rhe sphere is a partieiilar ease, u = 6 = r, 


I -- : 
;> 


These ri'sults are summarised iu Kouth’s nde, which states that 
the. moment of inertia, I, about an axis of symmetry is given by - 
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j ^ ^lasa (sum of square s of perpeinliciilar stuuHixi* ) 

3, 4 or 5 

The denominator is to bo 3, 4, or 6, aceonlirig a.s the lx)dy i.s 
rectangular, elliptical, or ellipsoidal. 

Thus for a Cylinder^ length 2^, radius />, about an axis ])er[Ksn' 
dicular to its length, the section jMtrallel to a is rectangular in 
type while the section parallel to i is elliptical in type, so that 


^ I-M 



For a Circular disk radius, u, aUmt a diameter, 

i-mT. 


BBITISH mPEBIAL AND METRIC WEIGHTS AND 
MEASURES 

LnsoTH 

1 inch -= 2*5100 oiii, 

1 f(K)i =:i0*4S0 cm. 

1 y^inl cm. 

1 metre 29 ’ijro ill. 

M.\>s 

1 t'raiii — 01 *8 niilligrams 
1 ounce 28*350 ;(m. 

1 {louiid 153*59 gm, 

1 kilogram - 2'204(; lbs. 

Capacity 

1 pint =0*568 litres. 

1 quart = 1 *136 litres. 

1 gallons 4 *546 litres. 

1 fluid ounce =23 *381 5 c.c. 


ELASTIC MODULI IN DYNES PER SQUARE CM. 


31aterial. 

Aluminium . 
Brass . 
Copper . 

Iron 

Platinum 
Silver . 

Qlass . 


Young’s .MckIuIua. 

7*2 to 7 -5x10" 
8*5 to 10*5x10" 
10*5 to 13*2x10" 
aliout 20 X 10" 
15 to 17 xlO" 
7*1 to 7*4 x10" 
a to 8 xlO" 


Modulus of Rigidity. 
2*5 to 3*4 X 10" 
3*5 to 3*7x10" 
4*2 to 4*8 XlO" 
5 -2 to 8*2x10" 
6*2 to «*6xl0" 
2*5 to 3*0 XlO" 
2*3 to 2*7x10" 
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DENSITY OB MASS IN OBAHS PEB 0.0. 


KlemetitH. 


Aluminium 

Antimony 

Bismuth 

Sr 

Iron • 

Lead . 

Magneskiin 

Nickel • 

Osmium 

Platinum 

Silver 

Till . 

Zinc . 


2*58 

6*82 

9‘8Q 

8*30-8‘95 
19-3 
7*5-7 *9 
-11-3 
1-74 
8 -6-8 *9 
‘22-5 
21 -37 
10*5 
7*3 
7*1 


Solids 

Commoa SubBtances. 
Boxwood . • . 0-95-1-16 

Cork , , . 0*22-0*26 

Pitch Pine . . 0*88-0*86 

Yellow Pine • . 0*37-0*60 

Mahogany . . 0*85 

Oak. . . . 0*60-0*90“ 

Walnut . . . 0*64-0*70 

♦ Beeswax . . , 0*96-0*97 

Ebonite , , .1*15 

Glass, common . 2 *4-2 *8 
Glas.s, flint . . 2 9-5 *9 

Ice . . . , 0*917 

Paraffin wax . . 0*87-0*91 

HrafM , . . 8 *4-8 *7 


LiQriDs 



Giams per c.c. ' 

Ti'mp. 

Alcohol, ethyl 


0*807 

0* 

,, methyl . 


0*810 

0* 

Aiiiliii . . 


1*035 

0* 

Carbon disulphide 


1*293 

O'* 

C'hloroiorm . 


1*480 

IS'* 

Ether . 


0*736 

0“ 

Glycerin . 


1*260 

0* 

Paraffin 


0*878 

0* 

Petrol . 


0*873 

16* 

Mercury 

: ■ { 

Gases 

13*596 

13*546 

0* 

20* 



Crams per c.c. nt 0* G. 
and 76 cm. piessnre. 

Air . 1 . 


0-0012928 


Aiiueous vapour (calculated) 

0*000814 


Carbon dioxide 

, , 

. 0*0019768 


Hydrogen 

. 

0*00009004 

Nitrogen . 

• • 

0*0012514 


Oxygen . 


0-0014292 



COEFFICIENTS OF LINEAR EXPANSION 


The value ijiioted is the mean coefficient of linear exx>ansion betwe< 
0* C. and 100° 0. 


Aluminium . 0*000022 
Brass . . 0*000019 

Copper . . 0*000017 

Glass. . . 0*000008-0*000009 

Gold .* . . 0*000014 

Iron , . . 0*000011 


; Lead . . . 0*000027 

Platinum . . 0*000009 

Silver . . . 0*000019 

Tin . . . 0*000023 

Zinc . . . 0*000029 

Fused Quartz . . -0*000000: 
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SPEOIFIO HEATS 

Soi,ii>s 


Aluminium . 

. 0-21*2 


Lcfttl 


. o*o:n 

Brass 

. O-OiU 


IMatiuuni . 


. 0-n:i2 

Copper . 

. 0-094 


SiImi* 


0 ofoi 

Glass 

, 0-19 


Tin . 


. 0 055 


. o-oairj 


Zin4‘ 


. n ''!*j 

Iron 

. 0115 

• 



. - 






Alcohol -ir c'- 

. 0'‘.> 


.Nbicmy . 


. 0 o;;.i 

Aniliii 



I'.uailni . 


. 0-511 

Giycrrin . 



Tur{H‘niinf 




COEFFICIENTS OF THERMAL CONDUCTIVITY 


Aluuiiuluin 


<)‘\S 


. 0-O8 

Bra«i> 

fabmu 

o-j 

IMatinuin . 

. 0-17 

Coin It r . 


(»-;i 

Silver 

. 1 *0 

(iU'.'i 

about 

(j-ool 

Tin . 

. 0-15 

Iron 

, 

O-lO 0-14 . 

Ziiii’ . 

. 0‘2tf 


. (.iIkiuI) O’OOOl 
Jwuljlu^r . . . (about) U'OOO.i 


PRESSURE OF SATURATED AQUEOUS VAPOUR 


PrL*>sur<*s in nnu. of niurcury. 


Tenii* 

I’ressuri* 

O' C. 

4-G 

1 

4-9 

2 

5-3 

3 

5*7 

4 

6-1 

5 

6*5 

6 

7-0 

7 

7-5 

8 

8-0 

9 

8*G 

10 

9-2 

11 

9-8 

12 

10-5 


TfMllp. 

rif.ssiuf* 

i;*. c 

n-2 

i-i 

12-0 

15 

12-8 

10 

13 a 

17 

14-5 

18 

15-5 

19 

10-5 

20 

17-5 

21 

18-7 

22 

19*8 

23 

21-0 

24 

22-4 

25 

23-8 



APPKNDIX 


699 


BEFBAOTIVE INDICES FOB SODIUM LICET 


ToiniM'rHtiiro. 


Water (17*5" (1.) . 

. 1-3332 

Alcohol C.) . 

. 1-3635 

Aniliii (20*0“ C. ) . 

. 1--5863 

Heiizenc f‘21 ‘f)® . 

. 1-5004 

Carbon flisulplihie (20*0" C.) . 

. 1 -6276 

Broinnaphtalin (20*0'^ C.) 

. 1-6582 

Crown glass (ordinary) . 

. 1-53 

„ (heavy) 

. 1-61 

Flint gla>s ^irdinary) 

. 1-65 

„ (heavy/ 

. 1-74 

Quartz (ordinary lay) 

. 1 -5442 

,, (extraordinary ra\') 

. 1-5533 


WAVE LENGTHS 

i 

^VJlv^• uif UMiJiUy ex\»resiSL*d in Ang^tvoiu Uivits or Tenth 

iiiutrc). 

Wave lengths are sometimes ex 2 »r«‘SH*Ml in a iinit ten times larger, viz, 
the inieromillimetiv (g/x). 


The 

liar Spectrum 


Flame Spectm. 


Atmo‘'pheri( 

fi 

. A 

7604 

Potassium (red) . 

. 7865 

. H 

6867 

Lithium (red) 

. 6705 

Hydrogen a 

. C 

6562 

,, (orange) . 

. 6102 

Sodium 

. Di 

5895 

Sodium (yellow, . 

. 5895 

II 

Calcium 

Magnesium 

. It, 

5889 

II • • 

. 5SS9 

. K 

. h, 

5269 

5184 

Mercury (yellow) , 

( 5790 
‘ \ 5769 

Hydrogen fi 

. V 

4861 

^ „ (green) . 

. 5461 

Iron . 

. G 

4307 ! 

Thallium (greiir> . 

. 5348 

Hydrogen 

. h 

4102 

Strontium (blue) . 

. 4607 

Calcium 

. H 

3967 

Mercury (violet) . 

. 4359 


. K 

3934 

Cahtium (blue) 

. 4-226 




Potassium (violet) 

. 4080 


BESISTIVITY OR SPECIFIC RESISTANCE 


The resistance in ohms of a 
section. 

nirc 1 

cm. in length, 1 

sq. cm. in cross 

Elements. 

Temp. 

Resistivity. 

Temp. Coefficients 

Aliimininm 

C^o^) 

0-0000028 

0-0039 

Copj)er .... 

(20°) 

0-0000017 

0-0040 

Iron (pure) 

(O'*) 

0-0000088 

0-0062 

,, (piano wire) 

(O'*) 

0-0000118 

0-0032 

Lead .... 

(0**) 

0-0000204 

0-0043 

Magnesium 

(O'*) 

0-0000044 

0-0038 

Mercury .... 

(20’’) 

0*0000957 

0-00088 

Nickel .... 

(O'*) 

0-0000069 

0-0062 
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BESISTIVITT OB SPECIFIO BESISTANOE 


Ettments. 

T«iuii. Koalativity. 

Ti'iiip. Co^mciHUt. 

Platinuui . 

. (0-) 0*0000110 

0 0037 

Silver 

. (18’) 0*0000016 

0'0040 

Till • . . . 

. (O’) 0*0000130 

0 0016 

Zinc 

. (O’) 0*0000067 

0 0040 

Atluys. 

Brass 

. . (about) 0*000007 

0*0010 

^aiigauin 

. . (about; 0*0000-13 

. . (about) 0*000034 

0*00002 

IMatinoiil • 

0*00025 

ConstanUti ur Kurek.i 

0*0000-18 

±0*00001 


ELECTBOOHEmOAL EQUIVALENTS 

Tln‘ cti-eimi'lu'mivnl nl uf sUmt i-- lii'r>‘ n>'iiiiu‘<l to Im 0*001118 

gill. I'l'r I'unlmiil.. * 



Wfulit (l-Ov'O 
{,0 l.> 

V;»l« )n‘\ , 

K C.E. 

(4i'!tHi*. }>«‘r I'or.ltiiitl))^ 

Aluiuiiiiinn . 

*27-1 

3 

0*0 Doo**;::! 

Coi.j.,r. . 

• . 0.1 *.'7 

(1 2 

0 00032*1 J 

(foM 

ll*7’2 

(1/3 

0*0‘KM)''Oi» 


1 M)0S 

1 

0 -00001015 

Oxygfii 

It'rOu 

2 

()-0o003*21» 

Kickfl , 

r.SOH 

*2'3) 

0 -000301 

SSilvti* . 

, . ln7*ss 

1 

0-001 ns 

Zinc 

. . 07) *37 

2 

0-a(J03338 


BBITISH STANDABD WIBE GAUGE 




T. 1 

1 s.w.c;. 


Im'li. 

>1 m. 

Ineli. 

Mm. 

0 

0 .321 

8-23 

26 

O'OISO 

0*457 

2 

0-276 

7*01 

28 

0-0148 

0*376 

4 

0*232 

5-89 

30 

0-0124 

0*315 

6 

0-192 

4-87 

32 

0-01 03 

0-‘27l 

8 

0*160 

4-06 

34 

0*0092 

0-234 

10 

0*128 

3-25 

36 

0-0076 

0*193 

12 

0*104 

2*64 

88 

0*0060 

0*152 

14 

0*080 

2*03 

40 

0-0048 

0*122 

16 

0*064 

1*63 

42 

0-0040 

0*102 

18 

0*048 

1*22 

44 

0-0082 

0*081 

20 

0-036 

0*914 

46 

0 0021 

0*061 

22 

0*028 

0*711 

48 

0-0016 

0*041 

24 

0*022 

0*559 

i 50 

0*0010 

0*025 
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MEAN VALUES, FOR THE YEAR 1920, OF THE MAGNETIC 
EI.iaiENTS AT OBSERVATORIES WHOSE PUBLICATIONS ARE 
RECEIVED AT KEW OBSERVATORY.* 








Force in ao.8. 







Uniw. 

PiMi-e. 



lxintltad«. 

Declination. 

Inclina- 

tion. 









Hort. 

VerUcaL 







zoutal. 




M. 

m 


M. 


# 




• i 


900 

y 

y 

N. Magnetic Pole 


70 0 

96 45 W. 




Sitka 


57 3 

135 20 W. 
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ly corresponds to 1 x O.G.S. unit. 
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names in itnHes 


A' ■••‘I* I Vj;», ]:y.) 

, 1 l.'i 

«iu«* if> ^Mvii\, l:{l, 111, i*;r>, 

in, 172 

A'cmimcx oI' oliMTv.'it hjhh, (> 

Ati\ iittH.’luiiiir.tl, 1).S 
Air tlnTmoiii**D*r, 1137 
AiuiilitinK*, 155, 158 
ID) 

AnL'lf, limitin;: fricti'Hi, 03 

Aujjiil II .ni<l linear motion conipaieil, 

in 

Aii^oil.n’, > ale ainl veniier, 2*J 
'•iiMple lianiionie motion, 158 
Anli!oi:antliii»ic luEl!*'., iJOl 
Arc|iiiiM-tle<, iiniHMplo of, 53 

AitM, imM'‘Uremont of, 3,3 
\ n I ''lim-'iit of Icilain'i*, 15 
A : mospli, !,'. .ujiu-oii'. \ apourin, 383, 3.''7 
pi«'-Niin- of. 171 : in :il».solute iiiiitN, 
1>1 ; NlaH'laril, 17t> 

Atwootl's iiiarhiiii', 138 
pillar typo, 138 
uMjoii I'.iltoin, 112 

Dal.mr.-, 1 I 

lallisiio, 130 
liy<liostat u', 53 
Il.ii', unit of proMirc, 17(5 
Haionn'tcr, 17-4 
I'oitin’.s, 17<5 
U-tubo, 178 

jiiuToid, 170 

Baroini'ter, correction for temperature, 
ISO 

■Roam, Young’s Modulus for, 115 
Roiling jioiut, 315, 317, 318, 324 
Roro of tube, mcasuiciuciit of, 193 
y/oy/c, /ioM, 100, 173 


j Roylc’s I^aw, 173, 183, 311 

: units 12, 134, 17f> 

CalculatioiK, 7 

j (,'aHbratiou, of plauiineter, 40 
of .spring, 122 
of tbennometer, 320 
Calleiidar’s apparatus, 377 
Callipers, in.side aiul outside, 20 
vernier, 22 
( alorie, 342, 3/3 
Calorifer, 348 
C.iloriiiieter. 343 
Calorimetry, 342 
‘ correction for radiation, 348 
j ( *aiiti lever, A’oung's Modulus for, 117 
I Capillarity, 191 

I i*ardboar«l, tliermal conductivity of, 
308 

Catbetonieter, 193 
Cciilinutre, the, 12 
Centre, of gravity, 70, 82 
of oscillation, lOS 
of .viispeusion, 168 
f'barles, I. aw of, 335, 341 
CoeUicient, of expansion, linear, 325, 
507 ; cubical, 328 ; apparent, 
333 I ot gases, 33»> 
of friction, 90 

of thermal conductivity, 305, 598 
Compa.ss, beam, 20 

Comj)utati«»n, graphic method.s 12, S3 
I CoiidiictiMty, thermal, 305, 508 
i ('oinservatioii of inomeiituni, 120 
Cooling, Laws of, 350 
curve of, 319, 359 
method of, for specific heat, 360 
(‘o.siucs, table of, 608 
Curvature, 48 
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Caiijnani tU la Tour, ‘JIO 
Calculations, 7 

Calil>ratioii of, ammeter, 464, 466 
planimeter, 40 
sj)ectromi‘ter, 300 
spring, 122 
tfiernioineter, 320 
Callen liar's ap^Kiratus, 377 
Callipers, insMe ami o\itsiiU\ 20 
\ei liier. 22 

Calorie, 342, :*»73, 63:., ,^:?7 
Calorifer, 348 
Calorimeter, 343 
Calorimetry, 342 

correction for nwliation, 34 s 
Candle, standard, 302 
Caudle- foot, 302 
C^andle-power, 302, 539 
Cantilever, Young’s Moilulus tor, 117 
Capacities, coiiiparison of, 560 
Capacity of condenser. 4 44, 560 
Capillarity, 191 

'CardUwd, tberinal conduclivitv of, 
368 

Carey Foster’s method, 512, 515 
Cathetometer, 193 
CathcHle. .See Katho<le 
Caustic enn'e, 247 
Cell, electric, 441, 446, 477 

E.M.F. of. Kieclroimiltv.* Forre 
l>rimary, 447 

resistance of. .Sfr Resistance 
Secondary, 4 IS, 491 
Centimetre, the, 12 
Centre, of gravity, 79, 82 
of oscillation, 168 
of suspeii.sion, 168 
( barge, electri*-, 137, 4 38 
* ami potential, 442 
Charles, Iaw of, 335, 341 
Chemical a*:tion in cell, 447, 477 
equivalent, 525 
Clark cell, 4 47 

CoeOicieiit, of expansion, linear, 325, 
507 ; cubical, 32fe ; apparent, 
333 ; of gases, 335 
of friction, 90 
of mutual induction, 544 
of thermal conductivity, 365, 598 
Coefficient, temperature, of resistance, 
617 

Collimator, 294, 295 
adjustment of, 296 
Column, positive, 546 
Commutator, 548, 580 


i'oiiipass, lM*ain, 20 
ueciUe, 39.5 

Co!u|H}und-\> imling, .55.5 
Computation. gr!H»h»e inei ioils, M.*\ 
CondeiiMT, cleclnc, Ml, . t.5, .5(3) 
optical, 2Sl), 292 
(‘oiuluctiMty, electric, 469 
theiinal, 3 ( 5 . 5 , 598 
i'ouductnr, electrit', 437 
Conjugate arms ot nelwoiK. 11(7 
foci, 247, 2.51, 254, 261 
(‘onst*r\atit»n oj monicnlut i, 129 
Conslaiit ot g.dvaiioinrtt 1 , 161, 567 
571 

Control magnet, 570 
Coiitroiliug lield, 569 
Ctx»ling, Uiws of. 356 
curve ot, 349. 359 
metluiil of, for spt*cllii‘ heat. 360 
Copt>er, elect rix‘hctn leal e(|Ui\alent of, 
530 

Convetion factor of ammeter, 467 
('opines, table of, 60}j 
Coulomb, 404 

Coulomb, the, 525, 638 ^ 

Crittcal angle, 212 
CurrtMiU electric, 446 

field of straight, 450 ; cireiilar, 
45.5 

measurement <»f, 459, 5(»5 ; absolute 
5(;8 

unit of. 459, .525. .5.38 
beating elleet of, 535 
(’iirvrtture, 4^, 251 

inta>nremcnt of, 48, 2,51, 267 
radius ot. 4.5, 47, 253, 257, 264. 
271. 27S 

Cu'.p of caustic, 247 

Iiamell evil, 147 
banudV?' hvgiomeler, 3S1 
lh:e)iiialion, magnetic, 427, liOl 
])clle.ction nicthodH, 6 
Beiisity, 44, 222, 331, 597 
.'ind teiiijierature, 328, 341 
relative, 50 
Deviation, 239, 240 
ininiiniiiii, 239, 240, 292, 298 
Dew point, 883 
Dewar’s vacuum vessel, 343 
Diameter, ineasiireineiit of, 58 
Differcnttal wheel and axle, 103 
Dilatation, coetKcient of, 328 
Dilatoirietcr, 384 
Dioptre, 48, 252, 259 
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427, 4:iO, r.no, m 

I>i K, Mdiiu i i of IiuTtia of, loJi 
l)> ti.iiiiir Kr. tion, !♦! 

I)\narnn*-i, I 2^ 

I )\ ii.inioiiu'ti > . TifiS 

l>\ r»..l 
Dv-'-. til.', J :l 

K:i! .01.1 ry • 'sfiiiiJiti.iiiH, JiO 

Knth, tii-M ol, 427 

Kill. !.'JM y, !'7, luO 
.>1 cNetn. lamp, .0o7 
.»f 111. if. M, rifill 
Kla-'ti.'ily, 10*.l 

Klf. troi ln-mical i-quivaleiit, r>2r», 000 
of li \ 'hop'll, r.20 
ol r.'ppiT, r>:iO 

Kl.'i'troilfs, f)24, r>46 
Kli'ctrolv.sw, 524 
KU'ctroiuiignet, 449 
Kiel troma>;nutic, imluction, 540 
umohiues 554 

unit of capacity, 500 ; current, 459 ; 
♦potential ililhreiiee, 53S ; resist- 
ance, 40f< 

Kleotroiiiotixe force, 477, 540 
forces, coiuparison of, 482 ; hack, 
52(5 

Kli'.'t rolls, 445, 547 
Klei’trophorus, 440 
KleclrosL’Oi>e, 438 
condi-iisinj', 444 
Kleetro'-ialic.s, Kw 
Kn.Tjjy, eoiiM'rvation of, 73 
heat, 373 

kii.etir, 125. 132, 143, 115 

of .straineil hotly , 123 
units of, 123, 537 
Kiujine, 97 
V.*\u\l\hvau\, t>5 
K'Hiilihriniii, 75, 93 
K»jiiivalent, niecliaiiical, ol heat, 3/3 
Kip the, 123, 537 

K.\er('iM‘s, a.hlitional, electricity, 590 
heat, 389 
li^ht, 310 
niagiietisni, 434 
properties of matter, 197 
souinl, 225 

Expansion, linear, 325, 597 
eiihieiil, 328 
apparent, 333 
of litpiitls, 828 
of gases, 335 


Eye ami ear e.stimation.s, 30 
Eye-lens, 282, 2S6 
Eye-ring, 281 

F\'ictor of galvanometer, 461 
Fanil 1, the, 560 
FafOihiy^ 524, 540 
Faraday, the, 626 
Faraday’s Ice-l*ail, 441 
ring transformer, 547 
Fii'ld, magm'tic, 394 
earth's, 397, 421, 427 
of bar magnet, 398, 409 
of current, 448 
of .single pole, 398, 408, 422 
Fields, comjiari.son of magnetic, 408 
419, 452 

Figure of merit of galvanometer, 571 
Fixed points of lliermometer, 316 
Flame spectra, 301 
Fletcher’s trolley apparatus, 135 
Flicker Photometer, 303 
Flux, luminous, 303 
Flywheel, Moment of Inertia of, 146, 
149 

Focal length, concave mirror, 251, 254, 
256,274 

convex iniiTor, 251, 255, 265 
len.s, 257, 258, 267, 291 
concave lens, 262, 269, 278 
convex len.s, 260, 268, 275, 291 
Focal plane. 25S 
power, 259 

Focus, conjugate, 247, 254, 261, 
262 

priiicip.'il, 247, 250, 257, 260, 262 
Force, 64, 128 
unit of, 134 

magnetic, 394 ; Law of, 422 
I Force Ratio, 93 
• Forces, composition of, 64 
I Fortin’s Barometer, 176 
I Fraunhofer liiic-s 36l 
^ Freezing point. 315. 317 
I Frequency, 202, 209, 210. 215, 219 
Friction, 89, 374 
correction for, 137, 139, 149 
of rope over pulley. 94 
Frictional electricity, 437 
Funicular polygiui, 87 
Fusion, latent heat of, 850 

Galvanometer, constant of, 461 
damping oscilhitious of, 501, 575 
dead-beat, 575 
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(talvAUometer, lloliuholt/., 5 :U, fiOO 
high resistiuii*e, 571 
low rvsi>t^ 4 iia*, 571 
resistam e of, 475 , 498 , 504 , 510 
stMi^itivity of, 5 t )9 
sUijKJUileii iiefilK*, 568 
suspeinled coil, 57 - 
tangent, 457 , 459 , 565 
(tus constant, 341 
Crtises, 173 
expansion of, 335 
(Jauge, niirrotiieter M-rew, *J 5 
4 'J 7 

Gan-ss, tlu', 304 
(i earing, uneel, loo 
157 

(il.i'is, thornsril e-viiiti- it y <»f. .‘^71 
Glaw, ol'I 

Gr.i'liialiii'.i oi tla iMi 'HU tt r, :VJ.V 

I i:a'n, the, 1 ’* 

Gl ipioe Iiieth ]■), s; s7^ •_» -.s^ 
IMI, 

SUtiv's, ''7 

(}. 4 'h', it'. 5 , 17 '*, ;Gt‘, 

.J 57 , i 5 !> 

fii.tM'). i.’' .'i'-iatoMi <lne t-», l-.l. 111 . 

I'l.J. i»i 5 . 171 , 17 ‘J 

< of, 70 . ''i 

Gtv.ise-''p*'t I'll t-'ijn’’<*r, •’,♦'5 

G. '>»\e I’ell, 1 17 

H, ileterrnir.'i’i'-n .>f. 1-7 

Hire’- \]'J 

IIlm*, i.i' . haiiieal e'lmv ilePl nt, 370 », 

•j'o.* 

nint uf, 342 

cTfect of eh** tile (urrfiil. 535 
iluiglit, ineasuitinelit < 3 , li\ t, 

170 

TfelmUok/. galvrmono O r, 531 , 566 
llit:ks’-: Italli.stic llalanee, 130 
Jfoo>, 100 

Hooke's Law, 100 . 112 , 122 
Horizon, aiUticnil, 2 :i 5 
Horizon -glas.s, 231 
Horse powi r, 538 
Humnlity, 3.^3 

Hydrogt-n, ehctrocheriiical equivalent 
of, 526 

Hydrorneters, 59 
Hydrostatic balance, 53 
Hygioinetry, 383 
Hypsoiiieter, 316 , 318 

Ice, latent heat of fusion of, 350 


lee Piiil, Karinlay*s. Ill 

lllniiiiimtion. 302. 3o0 
linage, iqitical, 231 
real, 253. 254. 260 
\jrlnal, 2.55, 260 
IiiolinatKUi. Set Hip 
Inclined plane, 72, 93 
Holnl rollinc on, 150 
index glass, 234 
Iinlueed currents, 510 
Intluction, eleetrostjitic. 43S, 141 
eh-ctroin;ignelie, 5 lo 
eoil, 511 

liiduct''r. K.iilh, 51'^ 

Inertia, Mt>iii<nt<d. S*r Moment 
Insulator, 4;{7 
1 .‘.:eiisr \ , t ii . Mi i 

lidi‘1 rnpt' i . 511 
IntiTN tl, intisK* il. 2"2 

t< r. 3 o 7 

./ •• /' . 373, -.7 1 

.1. sl.'s l.iNs. 5: 


K 0 h< 5*21 
i 1% 5 17 
Kati ui, 521 
/i 3 .V<,/, lO.s, 521 

K« l\ in, lli»*, 5 >7 

Kclviij's ineiho.l loi g;il\.n)'>njcler re 
'*i«.t:in*'r, lOs, r» 0 L 5 In 
K»-lvin’s I) *uhl** Ihi'lge, 521 
K* \ elect I ie, 5 S.‘i 
Kilowatt, IIm . 5 -J'' 

Kuhill’s luiM.*, 213 

Lamp, electric, 537 

Lciitaiie, .‘102 
'St I' IMiotoimit rj ' 

Latent Heat, 3 , 50 , 352 
fa;asl Count, 2 n 
Leclanchc coll, 417 

Length, nieasuiement of, 7, 10, 22, 59 
unit (»f, 12 

Lens, 257 , 267 , 275 , 27 «S 
LsVv Focal Length) 
inrignifying power of, 280 
Lever, 75 
f/miit, chistic, 109 
Lines of magnetic force, 394 , 448 
Link i>o]ygon, 87 
l.fOgarithrnic tables, 602 
Lunimer-Hrodhiin Photometer. 307 
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Ma» lllIU*^, 117 

Ma-iici, 

lallMM.iliil, :iiU 

;siM 

ouMllaliii^j, nil, 4*20 
M :igliL‘to.<iy ij.uiio, 557 
-iii;u liiiic. 551 
-»n4<»r, 558 

Maj^iiutoiiKitfr, ilellcctioii, 40(1, 457 
iinrror, 407 
illation, 4*2H 

Ma^nifi<’ation, linear, *200 

yin^ iiower ol li*iis, 2S0 
inicri><i‘ujif*, ‘28‘2 

*28ti 

Maiii'', 5.S8 

iM.tni-i*’s iiM-ilioil, 499, 505, 511 
J/fOio//e?. 173 

.uni 11, 1:14 

M.I^S, im.iNUMMiu'lil of, 1 1, IS 
uni! ot, 11 ; 

M.illirii .'iiir.il 'riitilov, AjijuMnlix. 593 
Mo nr, I/, CM, :;iM 
Maxwell, till', 511 

a<l\anlaj;e, ON 

e<nn\alent of lieat, 373, 535 

Nr Maclunes 

Mflliiii' ])oint, 3*2*2, 310, 350 
Mensuration, 595 

•Mernlian, inaguetie, 393, 40*2, 4*27 
Metre, 1*2, ‘2*< 
lirnlge, 500 
Mierofarad, the, 500 
Micrometer eyepiece, ‘27, 194, 3*20 
screw, *24, 3*20 
.Mn’roinillimelre, 300 
Micro.scope, 27, 240, ‘282 
luicrometer, *27 
travelling or vernier, *27, 193, 3*20, 
3‘27 

Mirror, plane, 230 
concave, ‘247, 250, 207, 209, 274 
convex, *250, 20 4 
sjihere on concave, 165 
Mixtures, method of, in electiicity, 563 
in heat, 313 
Modulus, Hulk, 111 
of Klasticitv, 109 
of Ui^idity, 110, 118, 171, 596 
Youii^'’s, 110, 11*2, ‘214, 590 
Moment, of a force, 75 
of Inertia, 84, 143, 1 15, 4*28, 595 
Moments, magnetic, 394 
coniparisoii of, 410, 424 
Momeiitiini. 128 


I Momentum, Conservation of, 129 
! Monochord, ‘219 
I Motors, 554 
Musical scale, 203 
, Mutual induction, 544 

Xeu/nann, 540 

Neutral point, 396, 398, 399, 451 
Nnwloriy 29*2 

Newttm’s Laws of Motion, 1*28 
Law of (’ooling, 356 
Nicholson’s hxdroiiietcr, 59 
Node, 206, 21 I 
Note-hooks, 4 
Null methods, 6 

object-glass or objective, 282, 286, 289 
Orrstmf, 4 48 
Ohm, ti»e, 468 

coil, cou'-t ruction of, 514 
Ohm’s Law, 46s, 495 
Opti< etmtre, 258 
Optical hem h, 273 
iustniments, ‘280 
lantern. •2.s9 
Optics, gj-ometricaL 229 
Oscillations of a magnet, 161. 419, 428, 
453 

i'arallax. 19, ‘229 406, 438 
Parallel, resistances in, 472 
! PaiMllelogram, of forces, 64, 69 
of vectors, 64 
Paul’s commutator, 5''*2 
Pendulum, simple, 31. 159, 163 
ooiiipuund, 160, 167 

t'u’^ion, 161, 171 
simple eqiiivaKiit, 163 
' IVntaiie lamp, 302 
Period, 155, 158-163, 169 
Periodic motion, 155 
Perineahilitv, 543, 548 
Phase, 155 ' 

Plu'tography, 293, 395, 547 
Photometer, 303 
Flieker, 303 
' Hum ford's, 304 

Huiisen’s, 305 
Joly’s, 307 
Swan's, 307 
Lummer-Hrodhun, 307 
Photometry, 302 

i Pitch, of musical note, 202, 211, 219 
I 222 
1 of .screw, 24 
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IMaiie, stntio iiu-liiieil, 72 
Fiauiiueter, 

IMottiujc ina>jni*tic lieMs i?iM, -ITtn, 4;.i{ 
I’ohl’s coniitiiitator, 582» 584 
FolaristUiou, 417, 181 
Polarity, tests for, 445, 440, 

Pole, iiiJigiietic, 393, 398, 399 
of cell, 445, 588 
Polygon, link or fniucular, 87 
of forces, 66, 70 
Post-Oflloc Box, 506 
Potential, 442 
tiiffereuce, 446, Si!.-), 571 
Potentiometer, 484, 492 
Power. Activity 
Power, Weight and, 10'^ 

Pressure, 53 
atmosuheric, 171 

correction of jxdnt f*'i. 31 S 

delinition of. .'3 
in >oap huhMe, li*4 
of aijueous vaj>o-ir, 528, 598 
of gA.>e«, 173, 18*j. 339 
units of, 53, 175, 176 
va|jour, 383 
Primary cMiil, 510 
Priii' ipal plane, 25^ 

PriM.i, 239, 292. 291. 296 
Pr«»]e*'tion. opli« .i’, 2»9 
of spectrum, 292 
Propaxaiiou, rectilinear, 229 
PjllieV hlorks 

Pulh'V, friction of rt»}>e on, 91 

R;uliation, corre» ti m for, 31^ 

Iladms of curv.'iture, 15, 17,27'' 
of mirror, 253, 261, 271 
Kadiiis of ^yratioij. 1-13 
fiatios, Force and Velf»city, 98 
Ueconls uf results, I 
Rerte« tioii. Laws of, 230 
toUl internal, 212 
caustic by, 247 

licfraction, iinlex of, 236. 23^, 214, 
269, 271, 279, 59t> 

Laws of, 235 
caustic by, 218 
He/jna%dU 317 

Ft^gnaiilt’s apparatus for .specific heat, 
345 

hygrometer, 385 
Uesistance, 46S, 495 
by ammeter an<l voltmeter, 495 
by method of sulKstitulioii, 471 
by Wheatstone's bridge, 49tj 


lb"*i'»t am i‘. box, .5S.* 
cari)on, .5s6 
coil, oil. 581 
fnime. 5M> 
high, 522 

interna!, of cell, ISu, 4S7, 499. 511 
lamp, 58 S 
low, 521 

of galvanometer. 475. 498, 501, 510 
<»f wire, 198, 503, 508 
si»ecilic. Stx Re.sistivity 
ttuniHUHlure coellicieii! of, 517, 539 
unit *»f. Ohm 

Whe.at '•tone’s, 586 

Resistiuicc- in '•erics and in parallel 
472 

comparison of, .“i20 
Resi>ti\ity, 502, 503, 509, 599 

IteMdntion of vectors. 70 
Resonance, 201 
tulH*, 206 
Resultant, 65 
Rheostat. Rc-sistame 

Kigiilitv. ModiihiN of, 110, 118, ]7l 
596 

Ronl/cii i.iys, ,517 
Rotation of rigid !)ody. 1 13 
{»f miiror. 232 
Routh’- nil»‘, 595 

RMblh-r. theimnl eondm ti\ ily »>f, 370 
Itnhinkorir'' enil. .545 
RMiuford*‘. FhoiometiT, 301 

Siigitta of ar *. 252 
.SimIhIs, i» 1 
S«Tl*W, 101 

mii')oni''t< r, 2 I 

Scarle’s Oscillating nce«llc, 120 
S'-cond, mean s(dar, 13, 29 
S'conilary cell, 418, 491 
coil, r/io 

Sensitivity of galvam)nieter, 568 
St'ries, ^esl^lallces in, 472 
Senes- winding, 555 
Sextant, 233 
.Shadow photometer, 301 
Shear, 111 

Shunt, galvanometer, 473, 50<S, ,576 

Shunt-wimiiiig, ,555 

Simple li.'irmonic Motion, 155 

Simjison’.s liiiloH, 35 

SincH, table of, 606 

Siren, 210 

Sli.le rule, 9 

Slide- wire Bridge, ,500, 503 
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s«ilu1ioi , KinfiuM; toii^ioii of, ll«r» 
S"i''in)iil, Hi: 

SfiiioiiM ti-r, ‘ l‘,« 

S|..iik s|». cit.i, 801 
Sl"‘cilic (Iruvity, oO 
iM.ttU*, ;.() 

Sprrifir II. -at, Ofliiiition, 848 
of 848 
of liquoi, 817, 800 
tftlilo (0, f»08 

Sjaa'ilic Uc'Mstancc, 502, 508, 509, 
599 

Spfftioiiictor, ‘291, 300 
S|ift;lrt»scoiw', *294 
Spoi trmn, ‘29*2 
iM.'i]) of, 800 

SpluToiiM li-r, 15, ‘254, *271, 8*20 
Spring', ralihrjition of, 1*2*2 
bal.'iiu**, 1*2*2 
OIKM^'V of, 1*25 
ovillatiii};, 10*2 
SI itic FfU'tioij, 91 
Stjii.'s. 01 

Sfr.ui), latent lieat of, 352 
Strfaii’" L4iW, 85ti 
St»*m K\))Osiirt*, i-floct of, .‘110 
157 

Strain. 109 
Sip'"', 1U9 

Stunts, \il nation'' of, *2ls 

Siib-titutiini, inothoil of, *2S, 471 

Snpi'i -cooling, 8ti0 
Surface TciJsJOii. 190 
Swan’s Photometer, 807 
Switch, 5.81, 583 

'J’angcnts, table of, 010 

'IVh-Ntope, *207, *280, 295, ‘290 
'IVmpcratiire, absolute, 341 
am I baroiiietric height, 180 
and piessure, 385 
and resistance, 51 7 
and the velocity of .‘'ound, ‘201 
nieasurenient of, 315 
Scale of, 815 
gradient, 805 
slope, 805 

Tension, Surface, 190 
Thermal capacity, 3 4 ‘2 
conductivity, 365 

Thermometer, mercury in glass, 315 
constant vidume air, 337 
platinuin, 517 
weight, 332 
Thermometry, 315 


I Thomson j Sir Wni, See Kelvin 
'i’ll rust, 53 

Time, measuremeut of, 29 
unit of, 18 

Tractive force of magnet, 404 
Transformer, 547 
Triangle of forces 66, 69 
Trolley, Fletcher’s, 185 
Tuning-fork, pitch of, ‘209, ‘211, 216 
Tuning, notes on, 224 
Twisting a wire, 11^ 

U-tuhe barometer, 176 
U-tube method, 02 
Units, fundamental and derived, 12 
Upthrust, 54 

Vacuum tube, 301, 546 
Vaporisation, latent heat of, 352 
Vapour pressure, 3S3 
a^pieous, 598 
V'ectors, 04 
Velocity, 1*29, 133^ 
angular, 145, 147, 150 
of souml, 201, 207, 20fb 214 
of transverse waves, 217 
Velocity Itutio, 98 
rtru/Vr, /*., ‘20 
Vender callipers, *22 
microscope. 27 
principle of the, 20 
Vibrations, 155 

stationary, 206, 218 
transver.se, *217 

Vi*jion, least distance of distinct, 280 
Volt, the, 447, 535, 588 
Volta’s cell, 440, 477 
Voltameter, 524 
hydrogen, 6*27, 529 
copper, 531 
Voltmeter, 488, 578 

internal resistam’e by, 489 
Volume, measurement of, 44, 58 
of a gas, 173, 528 
Tow, 440 

Water equivalent, 34*2 
Watt, the, 588 
Waves, transverse, 217 
Wave-length, *203, *206, 300 
table, 599 

Weighing, 7, 14, 70, 79, 89, ‘223 
Weight and mass, 14, 134 
Weight thermometer, 3‘3*2 
We.stoii cell, 447 
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WliwU^st one’s 7, 4‘.»6. 7»6*J, 7*71 

llheojitat, 7»>6 

Wheatstone eoiiiiimtator, r*Sl 
Wheel and axle. 10;i 
on inclined plane, 151 
Wheel gearing?, 106 
Wi/^on, II’.. LMl 
4 40 

Work, and heat, 373 
unit of, 123 

measurement of, 73, 145, 537 


\ rays, 7 i 7 

, Y»uiii^'s M.idulus. UU, ll‘j 211, 
j f*»r a U-aiii, 1 1 

for .1 eantde\er. 117 
fi>r a wtie. 112 

Zero I'in le of planiineter, 30 
error, 23, 2t>, 317 
Zero, wt>rkirig to a ftiNi*, 16 


1 ni. 1 \l* 


iH drt'tit firitain /'t K. II. ('« a* i , I riiii-o, I tiinhinyji. 
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